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ABSTRACT




University of New Hampshire, May, 1996
The Greenland ice sheet preserves high resolution records of 
environmental and climate change spanning seasons to hundreds and 
thousands of years. In this study, we utilize major chemical species 
measurements of surface snowpit samples and ice cores collected at GISP2, 
20D, Mount Logan, and Sentik Glacier to investigate major chemical species 
spatial distribution, temporal variations, and possible sources for the major 
chemical species in these ice cores.
A two-sided t-distribution test (a=0.05) was applied for the study of 
major chemical species spatial distribution over a portion of central 
Greenland. The results suggest that concentrations of major chemical species 
in snow do not vary significantly over the central Greenland. The 
relationship between chemical concentration and snow accumulation rate 
was investigated using the snowpits and ice core samples. Chemical 
concentrations do not vary with snow accumulation rate over the Greenland 
ice sheet. We further suggest that it is improper to study the relationship
ix
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between chemical concentration and snow accumulation rate by using data 
collected from different geographic sites.
Of all the chemical series studied, only NO3'  concentration data are 
normally distributed. NO3 '  concentration in snow is affected by post- 
depositional exchange with the atmosphere. The persistent summer maxima 
in NO3 '  observed in Greenland snow is believed mainly due to NOx released 
from peroxyacetyl nitrate (PAN) by thermal decomposition in the presence of 
higher OH concentrations in summer.
A nearly complete depletion of NO3" (94%) and depletion of Cl" (63%) 
correlates with the largest volcanic eruption horizon in the GISP2 core. It is 
suggested that such depletion is due to the large amounts of S0 4 2" disturbing 
atmospheric photochemistry and extremely acidic condition in ice layer.
The 110,000 year long major chemical species fluctuations in the GISP2 
ice core demonstrate that chemical concentrations are inversely correlated 
with 6 180  during last glacial period, suggesting that chemical concentration 
increases while temperature decreases, and vice versa. During the Holocene 
the atmosphere was acidic, during interstadials the atmosphere was a neutral 
or alkalescent, and during stadials the atmosphere was alkaline. Changes in 
major chemical composition and ratios also indicate that source regions 
differed during these periods.
x
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CHAPTER ONE
I. INTRODUCTION
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2I. INTRODUCTION
During the past few decades, scientists have established the existence of 
a climate system on Earth that is characterized by complex integration and 
feedbacks that involve the Sun and all parts of the Earth( ocean-atmosphere- 
cryosphere-biosphere-lithosphere). Changes in any one part of the system 
affect all the others and result in climate change. Changes in the past global 
environment are recorded in natural archives of many kinds: ice cores, ocean 
and lake sediments, tree rings, pollen and coral deposits. Analyses of such 
records have provided much of what we know of past climatic change and its 
effects. Of the various paleorecords available to science, ice cores from polar 
ice sheets provide the most direct and highest resolution view of the 
paleoatmosphere. For instance, variations in the concentration of gases 
trapped within the Vostok ice core in Antarctica provided evidence for 
change in atmospheric carbon dioxide conditions over the last 160,000 years 
(Barnola et al., 1987). Ice cores also record the effects of human activity, for 
example, increases in anthropgenic sulfate and nitrate signal preserved in 
polar ice have been reported from Greenland ice cores (Neftel et al., 1985; 
Mayewski et al., 1986,1990).
Polar ice core provides a unique record of atmospheric precipitation 
including: gases (CO2, CH4 , and other trace gases), soluble chemical 
compounds, and insoluble particulate matter (e.g., Petit et al., 1981; Legrand et 
al., 1988; Delmas and Legrand, 1989; Dansgaard et al., 1993; Mayewski et al., 
1993, 1994; Zielinski, et al., 1994). The recovery and analysis of chemical
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3spedes such as Cl',. NO3', SO42', Na+/ K+, Mg2+, Ca2+, and NH4 + preserved in 
polar ice cores provides a record of atmospheric chemistry ranging potentially 
from seasons to thousands of years (Herron, 1982; Herron and Langway, 1985; 
Mayewski et al., 1984,1990b, 1993,1994; Steffensen, 1988; Whitlow et al., 1992).
On 1 July 1993 the Greenland Ice Sheet Project Two (GISP2) successfully 
completed drilling to the base of the Greenland Ice Sheet in central Greenland 
(Summit site: 72.6°M; 38.5°W; 3200 meters above sea level; Figure 1.1), 
yielding a 3053.44 meter deep ice core that penetrated 1.5 meters into 
underlying bedrock. The GISP2 ice core, along with its European companion 
project the GRIP ice core provides the longest paleoenvironmental record 
(~250,000 years) available from the North Hemisphere.
The GISP2 depth-age time scale was established based on multi­
parameter technique that included counting annual layers of electrical 
conductivity (ECM), ice crystal size, stable isotopes (5180), laser light- 
scattering, and seasonal variations of major chemical series to a depth 
corresponding to about 40.5 kyr ago (Meese et al, 1994,1994b). Beyond this age, 
dating is based on correlation with the 5180  of atmospheric O2 records from 
GISP2 correlated with the Vostok ice core (Sowers et al., 1993; Bender et al., 
1994). Current estimated age errors for the GISP2 time series are: 2% for 0-
11.64 kyr BP, 5% for 11.64-17.38 kyr BP, <10% for 17.38-40.5 kyr BP (Alley et al., 
1993), and up to 10% for the remainder of the record (Bender et al., 1994).
One of the primary goals of the GISP2 drilling project was to provide a 
detailed glaciochemical record. To accomplish this, the GISP2 core was 
sampled continuously at a resolution of 0.6-2.5 years through the Holocene, a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 1.1. Greenland Ice Sheet Prject Two (GISP2) location map, Summit, 
Greenland (72.6°N, 38.5°W, 3200m)
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5mean 3.48 of years through the deglaciation, and -3-116 years throughout the 
remainder of the core (total 16,395 samples). Concentrations of the eight 
major ionic species (over 95% of the soluble ionic species in the atmosphere) 
were determined from each sample. An additional 4500 blanks and/or 
replicate samples were also analyzed (Mayewski et al., in review). Analytical 
and sample processing techniques have been described in detail elsewhere 
(e.g. Mayewski et al., 1986,1987; Buck et al., 1992).
Along with implementing the GISP2 project, spatial surface snow 
chemistry studies were carried on in terms of collecting samples from 
snowpits at central, southern and northern part of Greenland. A total 25 
snowpits (sampled at a resolution of 3 cm, total 2995 samples) were collected 
over the Greenland Ice Sheet from 1987 through 1993.
This dissertation consists of four main sections (II through V), each of 
which represents a paper that has already been published, is in press, or in 
review. Therefore, each section from II to V has its own abstract, 
introduction, review of methods, presentation and discussion of results, 
conclusions, acknowledgments, and reference list. A complete reference list 
is also included at the end of the dissertation. All of these papers deal with a 
different aspect of the snow and ice chemistry of the Greenland ice sheet. 
Together, these papers provide an improved understanding of the sources 
and deposition processes, spatial and temporal variations preserved in the 
Greenland ice sheet.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6Section II (Chemical Species Spatial Distribution and Relationship to 
Elevation and Snow Accumulation Rate over the Greenland Ice Sheet) 
represents an overview of the major chemical species (Cl', N 0 3 ', SO4 2', Na+, 
K+, Mg2+, Ca2+, and NH4+) spatial distribution in the central portion of 
Greenland. Seasonal and subseasonal chemical concentrations are statistically 
similar at the 95% significance level. Concentrations of the major chemical 
species do not vary with snow accumulation rate at any of sites studied: 
central Greenland, north or south Greenland.
Section III (Global Perspective of Nitrate Flux in Ice Cores) is a 
description of the possible sources, transportation pathways, and depositional 
processes affecting NO3- in a variety of ice cores: GISP2 and 20D in Greenland, 
Mount Logan from the St. Elias Range, Yukon Territory, Canada, and Sentik 
Glacier from the northwest end of the Zanskar Range in the Indian 
Himalayas. At all sites, only nitrate flux is significantly related to snow 
accumulation rate and of all chemical series, only nitrate concentration data 
are normally distributed. In this paper, we suggest that nitrate concentration 
in snow is affected by post-depositional exchange with the atmosphere over a 
broad range of environmental conditions.
Section IV (Depletion of Atmospheric Nitrate and Chloride as A 
Consequence of the Toba Volcanic Eruption) presents the details of a 30 cm 
section of ice chemistry measurements (1 cm per sample) at a depth 2590.95 to 
2091.25 m in the GISP2 ice core. An ~6-year long period, with extremely high 
volcanic SC>42'  coincident with a 94% depletion of NO3 '  and 63% depletion of 
Cl" is observed at the depth of the Toba horizon. Possible mechanisms are
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7proposed to explain the depletion of NO3* and Cl' resulting from this mega­
eruption. We suggest that depletion of NO3'  and Cl' are caused by the large 
amounts of SO42'  disturbing atmospheric photochemistry and extremely 
acidic condition in ice layer.
Section V (Major Chemical Species Fluctuations over the Last 110,000 
Years in GISP2 Ice Core) provides an overview of the major chemical 
concentration variation during the Holocene, stadials and interstadials of the 
last glacial period. Changes in major chemical composition over the last 
110,000 years reveal that during the Holocene, the atmosphere was acidic; 
during interstadials the atmosphere was neutral or alkalescent and during 
stadials the atmosphere was alkaline. A strong inverse relationship between 
concentrations of the major chemical species and 5180  was found during the 
last glacial period, suggesting that chemical concentration increases during 
cold period and decreases during warming period. The chemical series record 
major climate fluctuations, such as Younger Dryers, Dansgaard-Oeschger and 
Heinrich events, suggesting that changes in atmospheric aerosols responds as 
quickly as changes in temperature over Greenland.
The final section VI (Concluding Remarks) summarizes the main 
achievements from this dissertation, snow and ice chemistry study of the 
Greenland Ice Sheet.
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CHAPTER TWO
II. Chemical Species Spatial Distribution and Relationship to 
Elevation and Snow Accumulation Rate over the Greenland Ice
Sheet
Yang, Q., P.A. Mayewski, E. Linder, S.Whitlow and M.Twickler
This chapter has been accepted by the Journal of G eophysical Research for
p u b lic a tio n
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II. Chemical Species Spatial Distribution and Relationship to 
Elevation and Snow Accumulation Rate over the Greenland Ice
Sheet
ABSTRACT
Major chemical species (Cl', NO3', SO42', Na+, K+, Mg2+, Ca2+) from 24 
snowpits (sampled at a resolution of 3 cm, total 2995 samples) collected from 
north, central and south Greenland were used for this investigation. The 
annual and seasonal (winter and summer) concentration of each chemical 
species was calculated and used to study the spatial distribution of chemical 
species over the central portion of the Greenland Ice Sheet. A two-sided t- 
distribution test (a=0.05) suggests that concentrations of major chemical 
species in snow do not vary significantly over this portion of central 
Greenland.
The relationship between chemical concentration and snow 
accumulation rate was investigated using annual data from two snowpits 
groups. The snowpits from central Greenland, and north and south 
Greenland show that chemical concentrations do not vary with snow 
accumulation rate, when each group is examined independently. However, 
when two groups data are integrated into a single data set, pseudo­
relationships appear with NO3'  concentration decreasing and Na+, K+, Mg2+, 
and Cl' increasing as snow accumulation rate increases. Therefore, we 
suggest that it is improper to study the relationship between chemical
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concentration and snow accumulation rate by using data collected from 
different geographic sites.
The relationship between elevation and chemical concentration was 
investigated using the same suite of annual data sets. We find that Cl", Na+ 
and Mg2+ concentrations decrease, while NO3" concentration increases, with 
increasing elevation on the Greenland Ice Sheet.
INTRODUCTION
Ice cores are an important tool for reconstructing past climatic and 
environmental change and investigation of variations in chemical 
concentration in snow and ice plays an important role in the interpretation of 
resultant records. In general, the concentration of a given chemical species in 
snow is determined by its sources, transportation pathways and scavenging 
processes. For example, chemical species with marine sources tend to 
decrease with elevation in Greenland snow (Herron, 1982; Osada and 
Langway, 1993). Gaseous species, such as HNO3 and H2O2 which are highly 
related to atmospheric photochemistry, have significant post depositional 
exchange between snow/firn and the atmosphere (Mayewski and Legrand, 
1990; Yang et al., 1995; Wolff, 1995; Bales and Wolff, 1995). Many of these 
influential factors operate together, thus, it is difficult to distinguish which is 
the controlling factor for the resultant chemical concentration in snow.
Previous studies of the spatial distribution of major cations and anions 
in Greenland snow have only been conducted on a regional basis (Mayewski
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et al., 1987; 1990; Davidson et al., 1989), while other studies have only focused 
on selected sections of ice cores from Greenland (Herron, 1982; Steffensen, 
1988; Osada and Langway, 1993). Notably, Herron (1982) and Osada and 
Langway (1993) used several different aged ice cores from Greenland to 
suggest that concentrations of nitrate and non-sea-salt sulfate have a linear 
relationship to snow accumulation rate. However, Yang et al. (1995) reported 
that the chemical concentration of the major ions in central Greenland snow 
and ice demonstrate no predictable relationship to snow accumulation rate. 
The discrepancy may be because Herron (1982) and Osada and Langway (1993) 
used data from different ice core sites covering different time periods, while 
Yang et al. (1995) used continuous ice core data covering the last hundred 
years from a single location.
Understanding the spatial distribution and factors which affect 
chemical concentrations over the Greenland Ice Sheet can improve our 
ability to interpret the representativeness of detailed, single site studies like 
the Greenland Ice Sheet Project Two (GISP2) ice core. With snowpits located 
at different places, but covering the same period, we are able in this study to: 
1 ) statistically examine chemical species spatial distribution on a year-by-year 
basis; 2 ) investigate the relationship between chemical concentration and 
elevation; and 3) re-evaluate the relationship between snow accumulation 
rate and chemical concentrations over the Greenland Ice Sheet.
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MEIHODOLOGY
Data retrieved from 24 snowpits were used in this investigation (Figure 
III , Table II.l). All snow pits in this study were sampled at a resolution of 3 
cm (except for the 1990-ATM (see Figure II.l) pit which wTas sampled at 5 cm 
interval). In order to reduce significantly the possibility of sample 
contamination, all sampling tools and sample containers were pre-cleaned 
using ultrapure water. During sampling all personnel wore polyethylene 
gloves, non-particulating clean suits and masks. All samples were 
maintained frozen (in the field and during transportation to our laboratory) 
until analysis.
Measurements of the major anions and cations were performed by ion 
chromatography on a Dionex 4000 series instrument. Details of the technique 
are available in Whitlow et al. (1992).
The 3 cm sampling interval provides a high resolution record (>12 
samples per year) sufficient to document sub-seasonal inputs. Snowpit dating 
is based on oxygen isotope (d180) seasonal variations (Dansgaard et al., 1973). 
Oxygen isotope values for 1987 snow pits were provided by the Isotope 
Laboratory in Copenhagen (Mayewski et al., 1990). The rest of the oxygen 
isotope analyses were performed at the University of Washington. When the 
d180  data were not available or did not provide a clear seasonal cycle, seasonal 
signals in hydrogen peroxide (H2O2) (Sigg and Neftel, 1988) or the ratio 
between chloride and sodium (Cl/Na) (Whitlow et al., 1992) were utilized.
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NC: north central Greenland; SC: south central Greenland; GISP2: Greenland Ice Core Project 
Two main camp (1989-1994); ATM: Atmospheric sampling site; *: snowpit site.
Figure 11.1. Snowpits location map at Greenland
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Mean annual chemical concentration of each year was calculated by 
averaging all sample concentrations between two adjacent summer peaks. 
Due to the sub-seasonal sampling resolution, we were able to calculate the 
seasonal concentrations of chemical species in each snowpit. For this purpose 
we identify the inflection points on the roughly sinusoidal annual oscillation 
of d180 . Summer is taken to be all samples with d180  values heavier (less 
negative) than the inflection points for each year. Winter is the other part of 
the d180  curve. Non-seasalt chemical concentrations were calculated using 
Na+ as the conservative marine source indicator (Legrand and Delmas, 1988; 
Mayewski et al., 1990; Whitlow et al., 1992). Depth and period covered in each 
snowpit are presented in Table II.l.
RESULTS AND DISCUSSION
Chem ical species spa tia l d istr ibu tion
Chemical records from the 16 snowpits in central Greenland were 
examined to see if mean annual chemical concentrations are statistically 
homogeneous. Snowpits in central Greenland were divided into north- 
central (NC) and south-central (SC) (Figure II.l). The mean annual 
concentrations and standard errors for the concentrations of Cl', N0 3 ", S0 4 2', 
N a+, K+, Mg2+, Ca2+ between NC and SC are presented in Table 2a. Since the 
variance within the two groups are not the same, a two-sided t-distribution
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Depth No. of Time Period 






1988-1 77.30°N, 60.60°W 6.05 201 1981-1987 1850 293.1
1988-2 77.30°N, 59.20oW 3.74 124 1984-1987 1900 309.2
1988-3 77.75°N, 59.55°W 2 .0 0 6 6 1986-1987 1900 254.3
Central Greenland 
1987-1 72.24°N, 37.67°W 6 .0 0 2 0 0 1977-1986 3200 221.9
1987-2 71.57°N,38.0°W 4.04 134 1982-1986 3160 249.4
1987-3 71.86°N, 39.66°W 2 .0 0 6 6 1985-1986 3100 298.4
1987-4 72.35°N, 40.2°W 4.00 133 1982-1986 3100 267.1
1987-5 72.02°N, 37.28°W 4.04 134 1981-1986 3190 221.5
1987-6 72.95°N, 37.41°W 4.04 134 1979-1986 3180 168.9
1987-7 72.65°N, 35.28°W 4.04 134 1979-1986 3170 175.8
1989-1 72.6°N, 38.5°W 4.02 157 1983-1988 3200 219.1
1989-2 72.32°N, 38.8°W 4.02 157 1984-1988 3190 241.2
1989-3 72.6°N.38.50W 2 .0 1 67 1987-1988 3200 189.2
1989-4 72.32°N, 38.8°W 2.04 68 1986-1988 3190 244.2
1990-1 72.32°N, 38.8°W 6 .0 0 120 1981-1989 3190 235.3
1990-2 72.98°N, 35.28°W 4.05 135 1983-1989 3170 172.1
1990-3 72.6°N,38.5°W 4.10 135 1984-1989 3200 213.8
1991-1 72.6°N, 38.5°W 2.25 75 1989-1990 3200 207.8
1991-2 72.32°N,38.8°W 2.16 72 1988-1990 3190 252.4
Southern Greenland 
1988-4 66.72°N. 45.49°W 2.05 68 1986-1987 2 2 0 0 300.1
1988-5 67.07°N, 45.57°W 4.00 134 1984-1987 2300 332.6
1988-6 67.34°N, 43.79°W 6.18 205 1982-1987 2400 361.5
1988-7 64.79°N, 44.29°W 4.20 140 1985-1987 2800 384.3
1988-8 65.64°N, 43.70°W 4.10 136 1986-1987 2600 566.8
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test [Microsoft Excel, 4.0] with unequal variances was applied. A minimum of 
4 snowpits are required in each group for this test. Hence, it is dear from 
Table ELI that only three years (1984,1985 and 1986) were suitable for testing. 
For all spedes and all years, a two-sided t-test (a=0.05) shows no significant 
difference between the two groups.
The same statistical method was applied to the mean winter and 
summer concentrations of the spedes from NC and SC (Table II.2b). Again, 
no significant difference between the group were found. The two-sided t- 
distribution test was also conducted between concentrations of chemical 
species from central and south Greenland for 1986 and 1987 (Table II.2c). The 
t-test results suggest that concentrations NO3',  SO42' , Ca2+ and K+ are 
statistically similar between the regions in 1986 and 1987. Higher 
concentrations of C1‘, Na+ and Mg2+ in southern Greenland (Table II.2c) than 
in central Greenland are statistically significant. We believe these differences 
are due to marine source proximity and elevation effects (Table II.l).
However, it is apparent from Table II.2 that variance in chemical 
concentrations within the groups is large. A recent surface snow chemistry 
spatial distribution survey conducted at the ATM station (Figure II.l) shows 
that annual and seasonal chemical concentration under certain conditions 
can vary by as much as 30-40% on spatial scales of a few tens of centimeter (J. 
Dibb, in press). It is believed that such variations may be caused by physical or 
chemical processing while snow falls onto the glacier surface. The 
mechanisms of this process are not well understood yet. However, previous 
studies [Steffensen, 1988; Mayewski et al., 1990] and our test results suggest
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that GISP2 ice core chemical series records are representative of the annual 
and sub-annual glaciochemical signal for the central Greenland region. The 
small scale temporal and spatial variation is averaged out and has less impact 
on the mean annual and sub-annual chemical concentration in central 
Greenland.
E leva tion  v ersu s  Chemical Species
Marine sea-salt is believed to be a major source for Na+ and Cl' 
observed in Greenland snow [Herron, 1982; Mayewski et al., 1984; 1990; 
Steffensen, 1988]. Changes in elevation can cause changes in sea-salt 
concentrations in snow because sea-salt aerosols are preferentially precipitated 
during air mass movement to higher altitudes. The locations of snowpits in 
this paper (Figure II.l, Table II.l) cover a range of 1850 to 3200 m above sea 
level. This allows investigation of the relationship between chemical species 
concentration and elevation using annual data sets.
Annual concentration of the major chemical species for the period 
1984-1987 were generated from each snowpit and plotted against elevation 
(Figure II.2). Since the snowpits cover different time periods (Table II.l), the 
number of data points varies with elevation. Figure II.2 shows that annual 
concentrations of Na+, Cl' and Mg2+ decrease, while NO3 '  concentration 
increases, with increasing elevation.
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Figure II.2. Chemical annual concentration (ppb) of snowpits for the period of 
1984-1987 versus elevations above sea level (m) over Greenland ice sheet.












Table II.2a,b,c. Mean annual and sub-annual chemical concentrations of snowpit group and standard errors 
2 a
Cl___________N03__________ S04___________Na NC SC K____________Mg___________ Ca NC SC
SC NC SC NC SC NC SC NC 111 nl SC NC SC NC SC NC n2 n2
86 16.2 20.3 96.0 127.4 78.1 106.7 5.7 6.7 5 7 0.9 1.2 1.5 1.5 10.5 11.8 4 4
St<l. E. 1.9 4.1 5.4 18.5 5.5 24.9 1.0 1.6 0.2 0.4 0.2 0.5 4.1 5.0
85 18.6 21.7 133.8 145.1 91.3 87.7 5.5 6.1 5 7 1.4 1.7 1.3 1.2 10.5 13.3 4 4
Sid. E. 0.8 1.8 6.6 4.5 7.0 8.7 0.7 0.7 0.3 0.5 0.1 0.2 2.8 3.7
84 16.9 18.2 157.0 156.7 106.6 106.3 4.9 5.7 5 6 1.9 1.3 2.1 1.6 14.7 13.9 4 4
Std. E. 1.2 0.8 10.2 8.8 8.3 5.6 0.8 0.9 0.4 0.3 0.1 0.4 2.6 0.8
2 b
C l N 03 S04 Na NC SC K M r Ca NC SC
SC NC SC NC SC NC SC NC n l n l SC NC SC NC SC NC n2 n2
89W 29.6 29.3 107.0 115.0 122.0 113.0 13.3 11.4 5 4 2.2 1.7 1.9 1.8 5.6 6.1 5 4
Std. E. 8.9 4.7 28.8 8.9 4.2 15.5 3.2 2.1 0.8 0.3 0.5 0.4 1.6 0.8
87W 17.6 21.8 92.0 116.0 73.6 139.0 6.8 8.9 6 8 0.9 1.3 1.5 1.9 7.6 11.4 5 4
Std. E. 2.1 3.8 4.7 12.3 8.5 25.5 1.0 1.6 0.1 0.2 0.2 0.5 3.3 4.9
86W 18.3 23.2 112.0 125.0 104.0 103.0 7.6 9.6 5 7 1.3 1.9 1.5 1.4 6.1 8.8 4 4
Std. E. 1.0 2.1 7.8 12.6 6.6 14.0 i .i 1.6 0.3 0.6 0.1 0.3 2.3 1.6
85W 16.5 17.3 151.0 158.0 117.0 121.0 8.3 8.4 5 6 2.9 1.5 2.8 1.9 17.6 13.7 4 4
Std. E. 1.6 2.3 15.1 20.7 6.0 18.1 i.i 1.7 0.8 0.5 0.3 0.7 5.3 4.4
86S 14.5 18.6 121.0 133.0 61.2 69.6 2.4 3.9 5 7 1.1 1.9 1.0 1.0 10.2 9.2 4 4
Std. E. 0.9 2.1 6.5 4.5 4.6 5.4 0.4 1.4 0.4 1.0 0.2 0.2 3.6 0.8
85S 21.2 21.1 177.0 175.0 84.2 81.1 3.5 3.3 5 6 1.6 1.4 1.9 1.3 17.1 14.8 4 4
Std. E. 0.8 1.6 9.3 14.6 7.7 11.6 0.7 0.8 0.5 0.4 0.3 0.4 2.6 2.5
84S 17.1 18.9 148.0 150.0 113.0 96.0 2.7 2.9 5 6 0.4 0.2 1.3 1.3 10.6 11.2 4 4
Std. E. 1.4 2.7 6.2 20.8 14.0 14.3 0.5 0 6 0.3 0.2 0.2 0.2 1.4 2.7
2 c
Cl N03 S04 Na SG CG K M r Ca SG CG
SG CC. SG CG SG CG SG CG nl nl SG CG SG CG SG CG n2 n2
87 20.1 17.4 113.6 142.7 83.7 93.2 7.1 4.3 5 7 1.5 1.5 1.3 1.0 10.8 7.9 5 7
Std. E. 1.7 0.9 15.6 8.4 13.0 6.0 0.4 0.5 0.1 0.4 0.1 0.1 1.7 0.7
86 26.2 17.2 107.0 109.0 84.2 90.0 10.3 6.1 7 12 2.4 1.6 1.5 1.4 9.9 6.7 5 8
Std. IJ. 2.9 2.0 8.7 9.1 10.2 10.9 i.i 0.8 0.6 0.3 0.2 0.3 1.7 0.8
SC: soulh central Greenland; NC: north central G reenland; SG: southern G reenland; CG: central G reenland.
n l  & n2: num ber o f sam ples used for calculating m ean and t-tcst.
(The difference between n l  and n2 is due to no m easurem ents for M g, K, Ca in snow  pits 2,3,5 and 6, 1987) 
W : winter, S : sum m er
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The trends for Na+ and Cl" in this study agree with those previously 
reported by Herron (1982) and Legrand and Delmas (1988). To explain the 
similar trend of Mg2+, we calculated mean annual non-seasalt concentration 
for Cl", Mg2+, Ca2+, K+ and S042" for all snowpits using Na+ as the 
conservative marine source indicator. The seasalt component accounts for 
61.9%, 65.5%, 3.5%, 19.3%, and 2% of Cl", Mg2+, Ca2+, K+ and S042", 
respectively. It is apparent that Mg2+ is mainly (65.5%) derived from seasait, 
while the other species are less than 20% of seasalt component. This finding 
is also supported by Keene et al. (1986) who considered Mg2+ to be a marine 
reference element in the study of the non-seasalt chemical content of marine 
aerosols.
To explain the increasing nitrate concentration with increasing 
elevation over the Greenland Ice Sheet, it is necessary to understand the 
source and formation of nitrate in the atmosphere over Greenland.
Although the relationship between measured nitrate concentration in snow 
and that of NOy in the ambient atmosphere is far from well understood 
[Wolff, 1993; Dibb, 1994], it is clear that NOx and OH radicals play important 
roles in the formation of HNO3 (e.g., Logan, 1983; Warneck, 1988). The major 
sources of NOx in the northern hemisphere troposphere include combustion 
of fossil fuels, lightning formed at high altitude/low latitude, NO exhalation 
from soils, and stratospheric inputs (Logan, 1983; Mayewski et al., 1990). The 
precursor of nitrate in Greenland snow is believed to be transported through 
the upper troposphere/lower stratosphere (Finkel et al., 1986; Yang et al., 1995) 
and the OH radical concentration shows an increase with altitude in high
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latitudes (Wameck, 1988). Thus, nitrate concentrations in snow display a 
trend that increases with elevation over the Greenland Ice Sheet (Figure II.2 ). 
This finding is also supported by Mulvaney and Wolff (1994) who 
demonstrated that nitrate concentration increases with increasing elevation 
over Antarctica.
C on cen tra tion  versu s A ccum ula tion  R ate
The relationship between the concentration of chemical species and 
snow accumulation rate is important since it can improve our ability to 
interpret deep ice core chemical data. For instance, changes in concentrations 
of chemical series from an ice core may be interpreted as: 1) changes in 
atmospheric circulation and sources regions, if chemical concentration is 
independent of snow accumulation rate; 2 ) changes in snow accumulation 
rate, if chemical concentration depends on snow accumulation rate. With 
annual concentration and annual snow accumulation data covering the 
Greenland ice sheet, we investigate the relationship between chemical 
concentration and snow accumulation rate in central Greenland and over the 
Greenland ice sheet for the period 1984 to 1987. Using the data from snowpits 
located in central Greenland, scatter plots of concentration of Cl', NO3", SO42', 
Na+, K+, Mg2+, and Ca2+ against snow accumulation rate are presented in 
Figure II.3 (open squares). As observed by Yang et al. (1995), there is no 
predictable relationship between chemical concentration and snow 
accumulation rate in central Greenland snow.
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Figure II.3 . Chemical annual concentration (ppb) of snowpits for the period of 
1984-1987 versus snow accumulation rate (kg m ^ y 1).
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Chemical species concentration and snow accumulation data from 
snowpits located at south and north of Greenland are also plotted on Figure 
n.3 (solid triangles). No clear relationship is observed between the 
concentration of chemical species and snow accumulation rate for all 
chemical species studied, if we examine only the data from southern and 
northern Greenland. However, by considering central, northern and 
southern data, a decrease in NO3'  concentration with increasing snow 
accumulation rate is apparent, as reported by Herron (1982) and Osada and 
Langway (1993) in Greenland and Mulvaney and Wolff (1994) in Antarctic. 
Concentrations of Cl', Na+ and Mg2+ increase slightly with increasing snow 
accumulation rate considering all data in Figure II.3.
We suggest that the major cause for the NO3 '  concentration increase 
with decrease in snow accumulation rate in Figure II.3 is not the 
accumulation dilution effect reported by Herron (1982) but source and 
transportation pathways. Figure II.3 reveals that the mean nitrate 
concentration in central Greenland (open squares) is higher than the mean 
nitrate concentration in southern and northern Greenland (solid triangles). 
As discussed previously for Figure II.2, NO3 '  concentration is higher in 
central Greenland than in southern and northern Greenland because the 
source of NO3'  is from the upper troposphere/lower stratosphere. A pseudo­
relationship between chemical concentration and snow accumulation rate 
could exist (Figure II.3), if mixed data, collected from many geographic sites, 
were put together without considering other factors (e.g., source, transport 
pathway and elevation). These pseudo-relationships would imply that Cl',
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Na+ and Mg2+ concentrations increase, while N03- concentrations decrease 
with increasing snow accumulation rate over the Greenland Ice Sheet. 
However, accumulation rate on the Greenland ice sheet is characteristically 
inversely related to elevation. We also learn from Figure II.2 that Cl", Na+ 
and Mg2+ concentrations in snow collected from lower elevations of southern 
and northern Greenland are elevated due to proximity to marine sources. 
Thus, the pseudo-trends of Cl", Na+, K+ and Mg2+ concentrations increase, 
while NO3'  concentrations decrease, with increasing snow accumulation rate 
over the Greenland Ice Sheet are a reflection of source, transportation 
pathway and elevation, rather than accumulation rate. The influence of 
source, transportation pathway and elevation on chemical concentrations 
cannot be ignored, when investigating the relationship between chemical 
concentration and snow accumulation rate using geographically mixed data.
Therefore, we suggest that when studying the relationship between 
chemical concentration and snow accumulation rate, it is important to 
restrain the investigation to an area whose geographic conditions and sources 
are similar. For example, a detailed ice core record covering a period with no 
major climate and environmental changes may be suited for this study 
(Legrand and Kirchner, 1990; Yang et al., 1995). Otherwise, a pseudo­
relationship between the chemical concentration and snow accumulation rate 
could be concluded without considering other influencing factors.
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SUMMARY
In this paper we used 24 snowpits located all over Greenland, that 
cover the same time period, to re-evaluate the spatial distribution of chemical 
species concentration, snow accumulation dependence and the influence of 
elevation.
Instead of comparing the multi-year mean values of chemical species 
(Mayewski et al., 1990), we applied a two-sided t-distribution test to determine 
that annual and seasonal concentrations are statistically the same between 
northern and southern areas within central Greenland for the years 1984 
through 1987.
The relationship between concentration of chemical species and 
elevation was examined in detail using the same data sets. C1‘, Na+ and Mg2+ 
decrease with increase in elevation, while nitrate concentration increases 
with increase in elevation.
The relationship between snow accumulation rate and concentration 
of chemical species was investigated using two groups (central Greenland; 
southern and northern Greenland) of data. None of the chemical species 
have a predictable relationship to snow accumulation rate within each 
group. A possible relationship between chemical concentration and snow 
accumulation rate was observed by combining two groups of data. However, 
when factors such as source and transportation pathways are introduced, we 
concluded that accumulation rate is not a major control on chemical 
concentrations over the Greenland Ice Sheet.
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III. Global Perspective of Nitrate Flux In Ice Cores
ABSTRACT
The relationships between the concentration and flux of chemical 
species (Cl", N 03-, S042-, Na+, K+ NH4 +, Mg2+, Ca2+) versus snow 
accumulation rate at GISP2, and 20D in Greenland, Mt. Logan from the St. 
Elias Range, Yukon Territory, Canada and Sentik Glacier from the northwest 
end of the Zanskar Range in the Indian Himalayas were examined. At all 
sites only nitrate flux and snow accumulation rate has a significant (a=0.05) 
linear relationship with high correlation coefficient. Nitrate concentration 
data are the only one of the chemical series that are normally distributed. 
Therefore we suggest that nitrate concentration in snow is affected by post 
depositional exchange with the atmosphere over a broad range of 
environmental conditions. The persistent summer maxima in nitrate 
observed in Greenland snow over the entire range of record studied (the last 
800 years) may be mainly due to NOx released from PAN by thermal 
decomposition in the presence of higher OH concentrations in summer. The 
late winter/early spring nitrate peak observed in modern Greenland snow 
may be related to the build up of an anthropogenically derived N O y  in the 
Arctic troposphere during the long polar winter.
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INTRODUCTION
Ice core records from polar regions provide a unique record of 
environmental and climatic change (e.g., Dansgaard and Oeschger, 1989; 
Lorius et al., 1989; Mayewski et al., 1993a,1994) and illustrate the influence of 
anthropogenic emissions on the chemistry of the remote atmosphere (e.g., 
Neftel et al., 1985; Mayewski et al., 1986,1990a, b, Mayewski and Legrand, 
1990). They have also contributed to our understanding of atmospheric 
chemistry, atmospheric circulation and biogeochemical cycling (e.g., Legrand 
et al., 1988; Delmas and Legrand, 1989; McElroy, 1989; Mayewski et al., 1993a, 
1994).
Nitrate is one of the major chemical species in polar snow. As such, 
measurements of nitrate in ice cores may provide information for 
understanding the complex atmospheric nitrogen cycle (e.g., Neubauer and 
Heumann, 1988; Legrand and Kirchner, 1990; Mayewski et al., 1990a, b; 
Mayewski and Legrand, 1990; Mulvaney and Wolff, 1993). However, the 
sources, transport pathways and scavenging processes of nitrate deposited on 
glaciers are not well understood (Wolff, 1995). Understanding these 
relationships will improve our interpretation of nitrate data retrieved from 
worldwide ice cores.
The relationships between snow accumulation rate and nitrate 
concentration/flux are important because they can be used to asses the 
dominant processes of nitrate incorporation into snow. The seasonal 
variations of nitrate concentration in snow is presumably related to the 
source of nitrate precursor in the atmosphere.
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Previous studies conducted by Herron (1982) and Legrand and Delmas 
(1986), and Legrand and Kirchner (1990) investigated relationships between 
nitrate concentration and flux versus the rate of snow accumulation in 
Greenland and Antarctica. However, there is a discrepancy in their 
conclusions. Herron (1982) concluded that nitrate concentration decreased 
with increasing snow accumulation rate while Legrand and Delmas (1986), 
and Legrand and Kirchner (1990) found that nitrate concentration was 
independent of snow accumulation rate. In this paper we re-evaluate this 
relationship using high resolution snow chemical series from central 
Greenland as well as other series from southern Greenland, northwest 
Canada and central Asia.
Annual nitrate summer peaks in snow have been reported for both 
Greenland and Antarctica (Finkel et al., 1986; Mayewski et al., 1987, 1990c; 
Legrand and Kirchner, 1990; Davidson et al,. 1988; Neubauer and Heumann, 
1988; Whitlow et al., 1992; Mulvaney and Wolff, 1993). However, the cause 
for the timing of the 'peak' is not yet well understood. We investigated 
cause(s) for the 'peak' in Greenland snow to improve our understanding of 
the relationship between seasonal variations of nitrate measured in snow and 
of the possible sources of NOx in the atmosphere.
METHODOLOGY
In this paper we first examine the relationship between the 
concentration of major cations and anions (Cl", N0 3 ", SO42", N a+, K+, NH4 +, 
Mg2+, Ca2+) and their flux versus snow accumulation rate using 36 detailed 
sections (averaging 1 0  samples per year over sections ranging from 2 - 1 0  years)
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sampled from the GISP2 core located on the summit of Greenland to see if 
nitrate behaves differently from other major ions. The same analysis is 
performed on several other glaciochemical series, namely: 20D from southern 
Greenland, Mt. Logan from the St. Elias Range, Yukon Territory, northwest 
Canada and Sentik Glacier from the northwestern end of the Zanskar Range 
in Ladakh, India Himalayas. Ice core sites and some basic information about 
sites and sampling details are presented in Figure III.l and Table ELI. 
Although the Sentik glacier nitrate time series is shorter than the others, it is 
the only continuous high resolution chemical record available from a low 
latitude/high elevation site.
Samples retrieved from GISP2,20D and Mt. Logan were processed in a 
cold room at temperatures that did not exceed -12°C by individuals wearing 
pre-cleaned polyethylene gloves, non-particulating clean suits and particle 
masks. All tools and containers used for sampling were pre-cleaned in ultra 
pure water. Container blanks prepared on a frequent basis showed that these 
containers were free of contamination. All analyses were performed by ion 
chromatography using a Dionex™ Model 4040 with techniques described 
previously (e.g. Mayewski et al., 1990b; Buck et al., 1992). Samples retrieved 
from Sentik glacier were processed in the field and nitrate was measured 
using a Technicon Auto Analyzer™ system (Lyons and Mayewski, 1983; 
Mayewski et al., 1984).
Each core was dated by using a variety of different seasonal indicators 
(e.g., major anions and cations, stable isotopes), historically documented 
volcanic events plus total beta activity signatures related to known nuclear
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fallout events. Maximum dating error is + /-1  year throughout most of the 
cores (Mayewski et al., 1986; 1993b; Holdsworth et al., 1985; Lyons et al., 1983).
Flux (F) of each chemical species was calculated based on that 
individual annual mean concentration (C) times snow accumulation rate (A) 
of the same year (F = C x A).
RESULTS AND DISCUSSION
C hem ical C oncen tra tion /F lux  versu s Sn ow  A ccu m u la tion  R ate
The relationship between chemical (C1‘, NO3',  SO42', N a+, K+, NH4 +, 
Mg2+, Ca2+) concentration (mg/kg) and snow accumulation (kg/m 2y) was 
examined using the GISP2 chemical data sets (exclusive of the anthropogenic 
period) (Figure III.2). Based on the data shown in Figure III.2, we examined 
each individual species using statistical methods of polynomial and linear 
regression to determine if there is a relationship. From Figure III.2, it is clear 
that none of the concentration series of chemical species are statistically 
related to snow accumulation rate. This suggests that the concentration of 
chemical species in snow is independent of snow accumulation rate at 
Summit, Greenland.
In Figure III.3 we compare chemical flux (kg/km2y) versus snow 
accumulation rate (kg/m 2y). A table of f-values (Table III.2) provides the 
significance of the slope coefficients for all chemical flux versus snow 
accumulation relationships in Figure III.3. Nitrate has the highest t - v a lu e
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and correlation coefficient (r-value). For the other species, f-values exceed the 
critical value of 1.645 (significance level a=0.05), but their r-values are lower 
than 0.4, suggesting that less than 20% of total flux variance can be explained 
by a linear fit to the relationship. Only nitrate flux has a statistical linear 
relationship with snow accumulation rate over the range measured (1 2 0  to 
350 kg/m 2y water equivalent and 9.3 to 25.6 kg/km 2y of NC>3‘).
The best fit linear regression of nitrate flux to snow accumulation rate 
for Summit, Greenland is:
F = 0.75 + 0.071A (r=0.81) (1)
Where F is nitrate flux in kg/km 2y, and A is the snow accumulation rate in 
kg/m 2y.
Herron (1982) investigated snowpits and ice cores recovered from 
different sites in Greenland and Antarctica and suggested that the 
relationship between nitrate concentration and snow accumulation may be 
expressed as:
NC>3 - = CA' 1 / 2 (2)
Where C is a constant, and A is the snow accumulation rate in kg/m 2y .
Legrand and Delmas (1986) and Legrand and Kirchner (1990) found a 
discrepancy in Herron's (1982) relationship for Antarctica. Their data 
suggested that nitrate concentration was not related to snow accumulation 
rate, but was related to snow accumulation by the following expression:
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Figure III.2. Chemical concentration (ppb) versus snow accumulation rate for 
the GISP2 detailed sections.



















































50 100 150 200 250 300 350 
Snow Accumulation Rate (kg/m 2 y)
Figure III.3. Chemical flux (kg m '2y_1) versus snow accumulation rate for the 
GISP2 detailed sections.
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F = 0.99 + 0.082A (r=0.92) (3)
Our data sets (Fig. 2) show that nitrate concentration is independent of 
snow accumulation, in harmony with Legrand et al.'s (1986,1990) findings. 
Furthermore, we found that the relationship between nitrate flux and snow 
accumulation at Summit, Greenland, agrees closely with the relationship at 
South Pole (Legrand and Kirchner, 1990).
To investigate the apparent uniqueness of the GISP2 nitrate data 
compared to other chemical species, we examined their concentration 
probability plots (Looney and Gulledge, 1985). The 'straightness' of the 
probability plot is tested by using their correlation coefficients (Looney and 
Gulledge, 1985; Minitab, 1993). Nitrate concentration is the only species 
whose concentration data are normally distributed at a significance level of 
95% in Greenland snow (Table III.3).
To test if a similar relationship between nitrate flux and snow 
accumulation rate exists at our other study sites, we used chemical data series 
from three additional sites: 20D (exclusive of the anthropogenic portion of the 
record), Mt. Logan and Sentik glacier. At all three sites the relationship 
between nitrate flux and snow accumulation rate has the highest correlation 
coefficient (significant at 95% level) of any of species (Table III.4)
The best fit linear regression equations of nitrate flux to snow 
accumulation rate at the three sites are:
20D: F = 1.3 + 0.053A (r=0.71) (4)
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Mt. Logan: F = -1.9 + 0.054A (r=0.79) (5)
Sentik glacier: F = 1.8 + 0.080A (r=0.74) (6 )
Since there is a relatively strong linear relationship between nitrate 
flux and snow accumulation rate at all three sites, we investigate the 
distributions of nitrate concentration versus the other chemical species 
concentration at these sites. The normality of chemical concentration 
probability plots from 20D, Mt. Logan and Sentik Glacier were tested as 
described for the GISP2 data set (Table III.3). Nitrate is the only chemical 
species for which the correlation coefficient is higher than the critical value 
(at significance level 95%) for each of the data sets.
Nitrate concentrations in snow at there sites are distinct from the other 
chemical species concentrations in that they are normally distributed. A 
recent surface snow chemistry study at the Summit, Greenland (Dibb, 
unpublished data) indicates that the summer surface snowpack loses nitrate 
at some time after deposition, as has been reported for lower accumulation 
sites in Antarctica (Mayewski and Legrand 1990). The normally distributed 
nitrate concentration may be a consequence of post depositional alteration, 
potentially via exchange between surface snow and the atmosphere 
(Neubauer and Heumann, 1988). Hence, we suggest that the exchange of 
nitrate between snow and the atmosphere results in sufficient smoothing of 
the series to make them normally distributed (Table III.3).
Two depositional styles dominate the incorporation of chemical species 
into snow, namely wet and dry (Barrie, 1985, Davidsion, 1989). Equations (1),
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Table m.2. Calculated t-distribution values and correlation coefficients (r) for the
regression lines displayed in Figure m.2.

















n: Data points used in regression
Table m.3. Normality tests for chemical concentration data distribution.












0.649 0.935 0.916 0.917 0.991 0.954
Mt. Logan
r-value 0.683
n= 2 2 0
0.825
r-critical= 0.992 






sf- sf- sf- 0.915 0.965 sf-
n: Data points used in test.
$:(after Table 13.1 in Minitab Reference Manual, 1993) 
"Species not measured
Table m.4. Calculated t-distribution values and correlation coefficients (r) between 
chemical flux and snow accumulation rate at 20D, Mt. Logan and Sentik Glacier.
Na NH4 K Mg Ca Cl N03 S04
20D n=174
t-value 6.98 2 .2 2 2.38 6.59 5.66 7.81 1 2 .8 8 7.39
r 0.43 0.15 0.16 0.41 0.36 0.47 0 .6 6 0.45
Mt. Logan n= 2 2 0
t-value 4.95 6 .2 1 6.4 4.95 5.48 6.79 18.89 11.29
r 0.32 0.39 0.4 0.32 0.35 0.42 0.79 0.61
Sentik Glacier n=16
t-value 1.59 sf- sf- st- st> 2 .0 1 4.26 sf-
r 0.38 * st- St- st- 0.46 0.74 sf-
n: Data points used in regression. 
"Species not measured
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(4)-(6) have small (<10%) y-intercept values relative to the individual mean 
nitrate flux of 17,24,17, and 74 kg/km2y in the snow at GISP2,20D, Mt. Logan 
and Sentik Glader, respectively. If the value of the y-intercept of these 
equations reflects the flux contributed by dry depositional processes (Legrand 
and Kirchner, 1990), then nitrate is incorporated into snow dominantly by wet 
depositional at these sites. However, as discussed previously the nitrate 
mean annual concentration is affected by the post depositional processes. For 
nitrate the y-intercept value may not be an indication of the contribution of 
dry deposition in snow.
Since the annual mean concentration of nitrate is independent of snow 
accumulation rate at our study sites and at South Pole (Legrand and Kirchner 
1990), the presence of a statistically significant linear relationship between 
nitrate flux and snow accumulation rate suggests that the supply of 
atmospheric nitrate is large enough so that it is never depleted over the 
accumulation range studied here. If this is the case, we would suggest that 
annual mean nitrate concentration in snow is proportional to its annual 
mean concentration in the atmosphere despite post depositional process, as 
long as the depositional environment stays similar.
Sources fo r  N itra te  Sum m er Peak
As mentioned previously, one of the important characteristics of 
nitrate concentrations in Greenland and Antarctica snow is that there is a 
persistent nitrate summer peak (Finkel et al., 1986; Mayewski et al., 1987,
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1990c; Neubauer and Heumann, 1988; Steffensen, 1988; Davidson et al., 1989; 
Whitlow et al., 1992; Mulvaney and Wolff, 1993). However, the 
mechanism(s) that cause this ’peak' are not well understood. To investigate 
the source of the nitrate in snow, we start our investigation of the cause(s) for 
the annual nitrate summer peak in Greenland snow by examining controls 
on the formation of seasonal variations in nitrate in the atmosphere.
Nitric add  (HNO3) is formed primarily by the reaction of NO2 + OH in 
the presence of sunlight and is well known as a main sink for atmospheric 
NOx (Logan, 1983; Wameck, 1990; Ehhalt et al., 1982). HNO3 is also formed by 
the night-time reaction between N2O5 and H2O (Russell et al., 1986; 
Mozurkewich and Calvert, 1988). Various processes and sources can 
contribute to the nitrate budget at high latitude, including combustion of 
fossil fuels (especially in northern hemisphere) (Logan, 1983, Ehhalt et al., 
1992), biomass burning, lightning, ammonia oxidation and soil exhalation, in 
addition to processes acting within the stratosphere (galactic cosmic rays, N2O 
oxidation (Levy et al., 1980)). A few scientists have investigated the possible 
origin of nitrate in polar precipitation, suggesting an important role for 
lighting and N2 O stratospheric oxidation (Legrand and Kirchner, 1990; Wolff, 
1995) and sometimes processes acting in the high atmosphere (Parker and 
Zeller, 1979; Zeller et al., 1986). Using a modeling approach, Legrand et al., 
(1989) suggested that lightning, soil exhalation, and N 2 O stratospheric 
oxidation are likely major contributors to the nature Antarctic nitrate budget. 
The major sources of NOx in the northern hemisphere troposphere are 
combustion of fossil fuels, lightning formed at high altitude/low latitude, and
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NO exhalation from soils (Logan, 1983; Legrand and Kirchner, 1990; Mayewski 
et al., 1990a).
With the rather short residence time of NOx in the troposphere (less 
than a day in summer and a few days in winter (Singh, 1987)), it is unlikely 
that it is directly transported from primary sources to interior central 
Greenland and Antarctica. Most of the nitric acid and particulate nitrate is 
believed to be removed during transport (Barrie, 1985; Lyons et al., 1990; 
Bottenheim et al., 1993). However, the formation of peroxyacetyl nitrate 
(PAN) has recently received considerable attention as a carrier and reservoir 
of NOx for the northern high latitudes due to its longer residence time (up to 
months in winter) and strong thermal decomposition characteristics (Cox et 
al., 1977; Singh, 1987; Honrath et al., 1992; Singh et al., 1992a). Singh and 
Hanst (1981), and Singh and Salas (1983) suggested that PAN not only is 
associated with polluted air but also is an important constituent of the natural 
atmosphere. The production rate of OH radicals varies seasonally with a 
maximum in summer in the troposphere (Warneck, 1988). Honrath and Jaffe 
(1992) reported a well-defined seasonal cycle of NOy , with a maximum (560- 
620 parts per trillion, by volume) in early spring and minimum (median 70 
parts per trillion, by volume) in summer at Barrow, Alaska. The transition 
occurs sharply in April, when a sevenfold to eightfold decrease in NOy 
concentration was observed. Davidson et al., (1993) also concluded that the 
minima in summer of atmospheric CO and CH4 at Dye-3, Greenland, is 
caused in part by high concentration of OH which are related to relatively 
high airborne concentrations of NOx and O3.
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To explain the summer "peak" seen in nitrate concentration in polar 
snow we propose the following. During the winter, cold temperature and 
low insolation at middle to high latitudes favor long distance transport of 
PAN into polar regions. Further, since there is no sunlight during the polar 
winter, the secondary sources of NOx and OH are limited. Under such 
conditions snow falling during the polar winter has low nitrate 
concentrations due to a lack of NOx and OH. With the appearance of sunlight 
and increasing atmospheric temperatures during the polar spring, the NOx 
released from PAN reacts with OH to form HNO3 yielding a polar summer 
nitrate peak in Greenland and Antarctica snow.
The less pronounced summer nitrate peak at Mt. Logan and Sentik 
Glacier may be a consequence of the types of air masses reaching these sites. 
Air masses reaching Mt. Logan and Sentik Glacier are the pristine free 
troposphere due to high elevations (Monaghan and Holdsworth, 1990, 
Mayewski et al., 1993; Wake et al., 1993). Additionally these sites maintain 
some sunlight during winter so that the nitrate formed/released from PAN is 
deposited throughout the year.
As reported by Finkel et al. (1986) and Whitlow et al. (1992), our 
snowpit chemistry study around the GISP2 site reveals that there is 
sometimes a late winter/ early spring nitrate peak in modern Greenland 
snow. Since this earlier 'peak' has not been observed from our GISP2 detailed 
sections and Finkel et al.'s (1986) data before 1900s year A.D., it may result 
from the input of anthropogenic material. In general, any NOy species (NO, 
NO2, HO2NO2, HNO3, the PANs, HNO2 , N2O5, NO3, and gaseous nitrates
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(Singh, 1987)) may end up as nitrate to be removed from the atmosphere. 
PAN concentrations are elevated in the polluted air (Singh, 1987; Wameck, 
1988) which is transported and accumulated in ’Arctic haze' during winter. 
PAN has also been reported to be a significant component of N O y  in the 
Arctic boundary layer during spring (Barrie and Bottenheim, 1991). But N O x 
released from PAN is restricted in the polar regions due to lower 
temperatures at later winter/early spring (Singh et al., 1992b).
In addition to the role of NOx and PANs, N2O5 chemistry may also play 
a role in the formation of the modem spring nitrate peak in Greenland snow 
since the low light and dark conditions favor the formation of N2O5 (Calvert 
et al., 1985; Leaitch et al., 1988). There are two potential ways for N2O5 to yield 
nitrate spring peaks in snow. First, NO2 is released from N2O5  due to an 
increased temperature in spring (Atkinson et al., 1986) and it then reacts with 
OH to form HNO3 . Second, N2O5 scavenges to HNO3 on aqueous aerosols in 
late winter/spring (Calvert et al., 1985; Mozurkewich and Calvert, 1988). 
Although there are no N 2O5 data sets available from the ambient Greenland 
atmosphere and we are unable to provide quantitative relationship between 
nitrate in snow and N2O5 in the atmosphere, these two processes may also be 
important in explaining the difference between the pre-anthropogenic nitrate 
summer peak and the anthropogenic era nitrate spring peak.
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C O N C L U S I O N S
By examining the GISP2,20D, Mt. Logan and Sentik Glacier ice core 
chemical species, we find that the concentrations of all chemical species is 
independent of the snow accumulation rate. Only the nitrate concentration 
data series reveal a normally distributed pattern. Based on previous work 
(Neubauer and Heumann, 1988; Mayewski and Legrand, 1990), we suggest 
that the cause of this pattern is post-depositional alternation. As a 
consequence nitrate flux has a relatively strong linear relationship to the rate 
of snow accumulation at all sites studied.
The presence of a nitrate summer 'peak' for the past thousands years in 
the Greenland and Antarctica snow is believed to be associated with the 
higher OH radical concentrations and an available NOx source released from 
PAN in summertime.
The observed nitrate peak in early spring in modern (anthropogenic 
era) Greenland snow may be due to the build up of N O y  as Arctic haze in the 
troposphere during the long polar winter. NOx released/formed from 
component of N O y  ( N 2 0 5 ,  P A N ,  H O 2N O 2 ) reacts with O H  to form H N O 3 in 
the atmosphere is believed to explain the cause of this peak.
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IV. Depletion of Atmospheric Nitrate and Chloride as A 
Consequence of the Toba Volcanic Eruption
A B S T R A C T
Continuous measurements of SC>42'  and electrical conductivity (ECM) 
along the GISP2 ice core record the Toba mega-eruption at a depth 2590.95 to
2091.25 m (71,00015000 years ago). Major chemical species were analyzed at a 
resolution of 1 cm per sample for this section. A ~6-year long period with 
extremely high volcanic SO42'  coincident with a 94% depletion of nitrate and 
63% depletion of chloride is observed at the depth of the Toba horizon. Such 
a reduction of chloride in a volcanic layer preserved in an ice core has not 
been observed in any previous studies. The nearly complete depletion of 
nitrate (to 5 ppb) encountered at the Toba level is the lowest value in the 
entire -250,000 years of the GISP2 ice core record. We propose possible 
mechanisms to explain the depletion of nitrate and chloride resulting from 
this mega-eruption. Our data do not support that a substantial denitrification 
occurs during the Toba eruption suggested by a one dimension modeling.
I N T R O D U C T I O N
The eruption of Toba, Sumatra, between 68,000 and 75,000 years ago is 
the largest known explosive volcanic eruption in the late Quaternary (Rose
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and Chesner, 1987; Chesner et al., 1991; Rampino and Self, 1992). During the 
Toba eruption, the large amount of volcanic ash and sulfur gases (about 1015 g 
each of fine ash and sulfur gases that rose to heights of 27-37 km (Rampino 
and Self, 1992)) emitted into the stratosphere formed a blanket that may have 
significantly reduced sunlight to a state of darkness (Chesner et al., 1991; 
Rampino et al., 1988). Previous assessments of the atmospheric impact of the 
Toba eruption have been relied on estimates of the amount of sulfur (1015 g 
H2SO4 ) emitted as approximated by mineralogical studies of the eruptive 
products (Rose and Chesner, 1990) and based on the gas emitted/volume of 
erupted magma ratio for several historical eruptions (Rampino et al., 1988; 
Rampino and self, 1992). Now, estimates from the GISP2 ice core are 2200- 
4400 Mt of H2SO4 aerosol were emitted into stratosphere (Zielinski et al., in 
press). This single volcanic eruption is believed to have caused a several year 
decrease of ~3-5°C in annual surface temperature for northern hemisphere 
(Rampino and Self, 1992).
Historical volcanic eruptions can be identified in ice cores through the 
preserved high spikes in the continuous measurement of SC>42" and electrical 
conductivity (e.g. Hammer, 1977; Taylor et al., 1992; Zielinski et al., 1994). The 
Toba event was identified at -2591.10 m (71,000 ±5000 years ago) in the 
Greenland ice Sheet Project two GISP2 ice core (3053.44 meter deep) from 
central Greenland (76.6°N; 38.5°W) (Zielinski, et al., in press). It was 
suggested that magnitude and longevity of the atmospheric loading during 
the Toba eruption may have led directly to enhanced cooling during the 
initial two centuries of an -1000-year cooling event (Zielinski et al., in press).
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In addition to climatic impact of volcanic eruptions, atmospheric 
photochemistry is severely influenced by that release large amounts of sulfur 
and fine ash into the atmosphere (Hofmann, 1987; Hofmann and Solomon, 
1989; Brasseur and Granier, 1992). Based on a one dimensional sulfate aerosol 
model and recent laboratory data, Bekki (1994) suggested that substantial 
denitrification of the lower polar stratosphere occurred during the Toba 
eruption. In this paper, the Toba horizon preserved in the GISP2 ice core was 
utilized to investigate the influence of this mega-eruption on changes in the 
concentration of several chemical species (SC>42', CT and NC>3‘) as a test of the 
effects on atmospheric chlorine and nitrogen cycle over such eruption.
R E S U L T S  A N D  D I S C U S S I O N
Continuous measurements of SO42'  and electrical conductivity (ECM) 
along the GISP2 ice core record a large volcanic signal at a depth 2590.95 to
2091.25 m (71,00015000 years ago). It is believed that this signal is from the 
Toba mega-eruption (Zielinski et al., in press). Major chemical species were 
analyzed at a resolution of 1 cm per sample for this section. Details on the 
chemical analyses procedures were given in Mayewski et al. (1987) and Buck 
et al. (1992). Concentrations of Na+, CT, NO3 ', non-seasalt SC>42', and the ratio 
of CT/Na+ of the section covering ±20 years around the Toba signal are 
plotted on Figure IV.l. The non-seasalt SC>42'  peak value of 1935.3 ppb (40.57 
meq/kg) is the highest concentration detected in the entire -250,000 years of
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Figure IV.l. Concentrations (ppb) Cl', N 0 3" and the ratio
of C l'/N a+ plus non-seasalt S042'for the Toba signal in 
the GISP2 ice core.





the GISP2 ice core record. A mean NO3'  concentration of 5 ±1.0 ppb at this 
level persists for - 6  years (-1.5 years/sample (Zielinski et al., in press)), the 
lowest level in the entire GISP2 record. A mean value of 83.4 ±5.5 ppb of 
NO3 '  characterizes the period prior to the eruption. In addition, Cl' 
concentration during the eruption is 24.7 ±4.23 versus a pre-eruption mean of 
66.4 ±3.0 ppb and the ratio of C l'/N a+ is 0.75 ±0.06 versus a pre-eruption mean 
of 1.87 ±0.09. Thus NO3', Cl' and C l'/N a+ are all dramatically decreased in 
section of the ice core containing volcanic SO4 2'  aerosols.
However, none volcanic glasses have been found from the Toba 
horizon in the GISP2 ice core (Zielinski et al., in press) despite it is suggested 
that the Toba eruption may force climatic cooling on century time scales (e.g., 
Rampino and Self, 1992; Zielinski et al., in press). This drastic climatic 
disturbances in the northern hemisphere due to the explosive eruption was 
preserved in the GISP2 ice core (Zielinski et al., in press). The evidence that 
large amount of volcanic H2SO4 with none volcanic glasses preserved in the 
GISP2 ice core suggests that H2SO4 aerosols play a more important role than 
ash in climatic disturbances (Ramoino and Self, 1982).
To investigate the possible causes for depletion Cl* and N 0 3 '  in this 
section core, we first consider whether the depletion of Cl' and NO3 '  results 
from chemical diffusion effect taking place in the core as De Angelis and 
Legrand (1994) suggested that fluoride deposited in ice cores may be 
subsequently excluded from the acidic volcanic layers. The amount of 
volatile HC1 released from a major volcanic eruption can be of the same order 
of magnitude as anthropogenic emissions of Cl" into the atmosphere
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(Legrand and Delmas, 1988; Tabazadeh and Turco, 1993). Explosive volcanic 
eruptions (e.g., Krakatoa, 1883 AD; Tambora, 1815 AD) have released several 
teragrams (106 t) of HC1 into the atmosphere (Legrand and Delmas, 1988; 
Devine, 1984). However, elevated levels of Cl" associated with these volcanic 
events are not observed in Antarctic ice cores and levels in Greenland ice 
cores are insignificant despite the distinct elevated concentrations of SO42" 
(Legrand and Delmas, 1988; Laj, 1993). The absence of volcanic Cl" in these ice 
cores has been attributed to the rapid scavenging of HC1 in the local 
troposphere. Plume dynamics and thermodynamics modeling suggest that 
water released from a major volcanic eruption will remove most of the 
volcanic emissions of HC1 from the troposphere, thus preventing substantial 
contributions of HC1 into the stratosphere (Tabazadeh and Turco, 1993).
These arguments suggest that volcanic eruptions may be not recorded by 
elevated Cl" concentrations in ice core records. This does not, however, 
explain the remarkable reduction of Cl" related to the Toba SC>42" increase 
(Figure IV.l). On the other hand, the post-depositional movement of HC1 in 
a volcanic layer in ice cores has never been observed, in contrast, Cl" spikes 
are considered to be indicators of volcanic signal in ice cores (Lyons et al., 
1990). Therefore it is clear that Cl" depletion in the GISP2 horizon does not 
entirely result in this acidic layer.
Reduction of NO3 '  has been observed along with volcanically 
deposited SC>42" in Greenland (Laj et al., 1992) and Antarctic ice cores (Legrand 
and Kirchner, 1990). The magnitude of NO3'  reductions is, however, not 
comparable to the nearly complete ~6 -year depletion observed in this study. It 
has been reported that surface snow over the Greenland contains elevated
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concentrations of both NO3'  and SC>42" (Laj et al., 1992; Whitlow et al., 1992; 
Yang et al., in review). These observations rule out a direct interaction 
between these two anions in the snow. Even though we do not rule out the 
possibility of depletion of Cl" and NC>3" due to the extremely acidic condition 
in the Toba horizon, there must be an atmospheric photochemistry 
perturbation during such an explosive volcanic eruption. Since both Cl" and 
NOx (a precursor of NC>3") are important species in atmospheric 
photochemistry, we investigate the possible mechanisms for the atmospheric 
depletion of the Cl" and NC>3" as evidenced by the minima of two species in 
the GISP2 ice core.
Sea-salt is the primary source of Cl" deposited in polar snow and ice. 
Heterogeneous reactions involving sea-salt aerosol in the marine 
troposphere are the major global source for volatile inorganic chloride. The 
reaction between sea-salt aerosol and H2SO4 is believed to produce most of 
the volatile HC1 in the atmosphere (Legrand and Delmas, 1988; Brimblecombe 
and Clegg, 1988)
2  NaCl + H2SO4 = 2  HCl(g) + H2S04 (1)
This mechanism causes a Cl" deficit in transported sea-salt aerosols so that 
the Cl"/Na+ ratio in ice cores can be lower than that in mean seawater (1.8 by 
weight). Since SC>42" emissions from Toba lasted ~ 6  years and were of global 
in extent (Zielinski et al., in press), equation (1) may explain part of the Cl" 
deficit related to this event.
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During the Toba eruption, the large amount of volcanic ash and sulfur 
gases emitted into the stratosphere formed a blanket that may have 
significantly reduced sunlight to a state of near darkness (Rampino et al., 1988; 
Chesner et al., 1991). We propose that under these conditions, direct surface 
reactions between sea-salt aerosol and O3  in the marine troposphere may 
have occurred through the reaction (Keene et al., 1990):
2 Q-(p) + O3 + H2O = Cl2 (g) + 2 OH- + 02(g) (2)
Under nonvolcanic conditions, CI2 is rapidly converted to HC1 via Cl 
atoms (Cl°) photochemically and with the eventual recapture of HC1 by sea- 
salt aerosols. During the Toba eruption, a decrease in sunlight to near 
darkness may have prevented CI2 from converting to HC1. There is, 
however, as indicated in Figure IV.l, a Cl" peak following the eruption. This 
may suggest that after the Toba eruption, the atmospheric reservoir of CI2 
built up during the Toba eruption was photolyzed to HC1. Thus, depletion of 
the Cl" may have resulted from the combined effects of loss of C1‘ through 
reaction (1 ), reduced sunlight preventing chlorine recycling in the 
atmosphere (2 ).
Although sources and deposition pathways of NO3- in Greenland 
snow are not well understood (Dibb et al., 1994; Yang et al., 1995), it is clear 
that the OH radical and NOx play important roles in the formation of HNO3 
in the ambient atmosphere over Greenland (Logan, 1983; Yang et al., 1995).
It is estimated that ~3 x 1 0 15 g of H2S and SO2 were released into the 
atmosphere during the Toba eruption (Rampino and Self, 1992). Potential
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S02 oxidants include the radicals OH, HO2, RO2, and H2O2 . OH may have 
been consumed through the reaction (Wameck, 1988):
OH + S02 = HOSO2 (3)
HOSO2 + 0 2 = SO3 + H20  (4)
SO3 + H2O = H2SO4 (5 )
During nonvolcanic periods, there is no net consumption of OH since it is 
recycled through the reaction (Calvert and Stockwell, 1984):
HO2  + MO = NO2  + OH. (6 )
However, it was suggested that OH recycling is interrupted following a large 
volcanic eruption since the atmosphere is overwhelmed by SO2 (Laj et al., 
1993). Zielinski et al. (in press) suggest that the Toba eruption produced as 
much as 4400 Mt H2SO4 of aerosol in the stratosphere. Therefore, OH was 
consumed via oxidation with S02. In fact, reaction (6 ) may have been 
eliminated following the Toba eruption because H 0 2 is also a potential 
oxidant which may have been consumed by the large amount of S02 released 
from the Toba eruption. On the other hand, the state of reduced sunlight 
following the eruption may have caused changes in the stratosphere's 
radiative field. Thus there may have been subsequent loss of OH resulting in 
a decrease in UV radiation (Legrand and Kirchner, 1990).
Following the Toba eruption, the large amount of dust and sulfur 
gases in the atmosphere greatly reduced the amount of incoming solar 
radiation. Due to reduced heating in the atmosphere, thermal convection
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may have decreased dramatically. As a consequence the NOx formed by 
lightning and from soil microbial activities at low latitudes would not be as 
easily incorporated into the atmosphere and levels near Greenland could 
have been decreased notably. In this case, subsequent loss of OH due to 
changes in UV radiation and OH consumed by SO2  following the eruption in 
the atmosphere, in addition to reduced NOx sources at low latitudes, may 
have caused a near complete depletion of HNO3 in the atmosphere over 
Greenland as eventually recorded in the GISP2 ice core (Figure IV. 1).
Ozone destruction was observed through heterogeneous chemistry 
following a volcanic eruption (Hofmann, 1987; Hofmann and Solomon, 1989; 
Brasseur and Granier, 1992). It was also suggested by Bekki (1994) that 
denitrification (i.e., the irreversible removal of nitrogen species from the 
higher to lower altitude in the polar stratosphere) is enhanced by sulfate 
aerosol released from the volcanic activities. Bekki (1994) used a one 
dimension sulfate aerosol model to predict that substantial denitrification of 
the polar lower stratosphere occurred during the Toba eruption. Such 
denitrification yields HNO3 that is eventually scavenged by snow flakes. 
Consequently, elevated HN03 concentration is expected to be found in the 
snow following the Toba eruption. Our data in Figure IV.l, however, do not 
provide strong evidence to support Bekki's hypothesis, at least, the 
denitrification was not as strong as predicted because there is a NO3 '  peak 
following the Toba eruption (Figure IV.l).
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SUMMARY
Our data provide an atmospheric reconstruction of the chlorine and 
nitrogen cycling response to the impact of the Toba mega-volcanic eruption. 
We agree that the Toba eruption not only caused a volcanic winter effect 
(Rampino et al., 1988), but that it also disturbed photochemical reactions in 
the atmosphere. Further, due to the evidence that extremely acidic 5042- 
layer with no volcanic glasses in the GISP2 ice core, we suggest that 5042- 
aerosols influence the climate disturbance. Although Cl' and NO3 '  in a 
volcanic layer have never been reported to be removed due to their associate 
with strongly acidic layer, we cannot rule out the possibility that Cl* and NO3'  
were removed by post-deposition process related to this extremely acidic layer. 
We suggest that the depletion of Cl" and NO3 'observed in the Toba horizon 
in the GISP2 ice core was a result of changes in the atmospheric chemistry and 
removal from the ice layer due to the extreme acidic condition. This and 
other research on the impact of volcanic aerosols on changes in atmospheric 
photochemistry and dynamics provide further information to assess the 
impact of climatic and atmospheric environmental changes following 
volcanic eruptions.
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CHAPTER FIVE
V. Major Chemical Species Fluctuations over the Last 110,000 Years
in GISP2 Ice Core
Yang, Q., P.A. Mayewski, M. Twickler, S. Whitlow, P. Grootes and M. Stuiver
This chapter w ill be su bm itted  to Journal of G eophysical Research for
p u b lica tio n
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V. Major Chemical Species Fluctuations over the Last 110,000 Years
in the GISP2 Ice Core
A B S T R A C T
Major chemical species (Ch, N0 3 ', SC>42', Na+, NH4+, K+, Mg2+, Ca2+) 
and 8180  covering the last 110,000 years from the GISP2 ice core were utilized 
in this study in order to reconstruct the soluble chemistry of the atmosphere 
over Greenland and interpret major climate events that have affected the 
region.
During the Holocene the major chemical species and 5180  do not have 
any significant relationship. However, a strong inverse correlation was 
found between concentrations of the major chemical species and 8 180  (a proxy 
for temperature) during the last glacial period, suggesting that in general 
during periods of decreased temperature, there is an increase in atmospheric 
chemical loading.
Examination of changes in major chemical composition over the last
110,000 years of the GISP2 ice core reveals that during the Holocene, the 
atmosphere was acidic; during interstadials the atmosphere was neutral or 
alkalescent and during stadials the atmosphere was alkaline. The relative 
abundance of major chemical species varied during the Holocene, stadials 
and interstadials. During the Holocene NH4 + and NO3'  are the dominant 
cations and anions; while SC>42'  and Ca2+ are the dominant anions and
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cations for stadials and interstadials, respectively. These suggest that source 
region differed between the Holocene and the last glacial period. In addition, 
changes in chemical composition, changes in chemical ratios (chemical 
species versus Na+) also indicate that source regions differed during the 
Holocene, stadials and interstadials.
Twenty-four previously identified Dansgaard-Oeschger 
(stadial/interstadial) cycles (Dansgaard et al., 1993) were found using the 
GISP2 chemical series. The duration of the stadials is inversely correlated 
with variations in sea level over the last glacial period, suggesting that the 
more extensive that ice sheet are, the longer the duration of stadial. There is 
also a close correspondence between the duration of interstadials and the 
timing of Heinrich events (massive icebergs discharged into the ocean) in the 
GISP2 ice core. Long (up to 2000 years) warm periods follow each Heinrich 
event, suggesting perhaps that enhanced deep-water circulation operates 
following Heinrich events.
I N T R O D U C T I O N
Polar ice cores provide both direct and highly resolved views of 
paleodimate spanning seasons to hundreds of thousands of years. They 
preserve a rich history of the Earth's volcanic activity, terrestrial and marine 
biological activity, terrestrial dust sources and anthropogenic activity (e.g., 
Dansgaard et al., 1982, Legrand et al., 1988; Mayewski et al., 1987,1993,1994; 
‘Zielinski et al., 1994, Yang et al., in press).
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Recent results from two Greenland ice cores demonstrate dramatic 
climatic fluctuations during the last glacial period (Dansgaard et al., 1993; 
Grootes et a l, 1993; Taylor et al., 1993a; Mayewski et al., 1993,1994).
Particularly notable in these cores are the extremely rapid reorganizations in 
atmospheric circulation that occur between stadials and interstadials (Alley et 
al., 1993, Taylor et al., 1993b; Mayewski et al., 1994, in review). Changes in the 
chemical concentration of ice cores during these events can be related to 
changes in sources regions, volcanic activity, atmospheric circulation, ocean 
ice cover extent and temperature (De Angelis et al., 1987; Legrand et al., 1988; 
Delmas and Legrand, 1989; Mayewski et al., 1993, 1994, in review; Zielinski et 
al., 1994).
Investigation of the relationship between the chemical concentration 
of soluble species (Cl-, NC>3 ', SC>42', Na+, NH4 +, K+, Mg2+, Ca2+) and oxygen 
isotopes (5180) recorded in the GISP2 ice core provides information 
concerning changes in atmospheric circulation, wind speed and the source 
regions that influence variations in the chemical concentration of this ice 
core. Details of changes in chemical composition and chemical ratios of 
chemical species during the Holocene, stadials and interstadials can provide 
useful information to assess whether the source regions differed during these 
periods.
Alternation between stadials and interstadials in the last glacial period 
is suggested to reflect changes in atmospheric circulation and heat exchange 
between surface of the ocean and the atmosphere ( Broecker and Denton,
1990; Greenland Ice-Core Project (GRIP) Members, 1993; Mayewski et al., 1994;
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in review). Several climate forcing agents have been used to explain the 
occurrence of stadials and interstadials over the last glacial period. These are 
changes in: insolation, ice sheet volume, heat exchange between the subpolar 
North Atlantic Ocean and the atmosphere, rapid discharge of large volumes 
of ice into the ocean, solar variability, sea ice extent and the greenhouse effect 
(Broecker and Denton, 1990; Bond et al., 1992, 1993; Lehman and Keigwin, 
1992; Mayewski et al., 1994; in review; Bender et al., 1994).
Examination of the duration and geometry (shape) of stadial and 
interstadial events using the GISP2 chemical series can provide insights into 
how climatic change signatures are recorded in glaciochemistry fluctuations. 
For example, Heinrich events are accompanied by periods of elevated polar 
circulation index (PCI), thus allowing a description of the relative size and 
intensity of polar circulation system (Mayewski et al., 1994, in review).
D A T A  D E S C R I P T I O N
The Greenland Ice Sheet Project Two (GISP2) ice core ( 3053.44 meter 
deep) was retrieved from Summit, Greenland (76.6°N; 38.5°W; 3200 above sea 
level). This ice core was cut at uniform lengths of 20 cm and sampled in a 
field laboratory where temperatures were maintained at < -15°C at all times. 
The sample resolution is 0.6-2.5 through the Holocene, a mean of 3.48 years 
through the deglaciation, and -3-116 years throughout the remainder of the 
110,000-year long portion of the core for a total of 16,395 samples.
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To avoid possible contamination, strict protocol was used at all times 
during processing. For example, three pairs of blanks were analyzed at the 
beginning, middle and end of each processing day. Duplicate samples were 
analyzed every 1 0  samples.
All samples were analyzed for the major chemical species (Cl', N0 3 ', 
SO42', Na+, NH4+ K+, Mg2+, Ca2+) using a Dionex™ Ion Chromatography 
system described previously (Mayewski et al., 1990; Buck et al., 1992; Whitlow 
et al., 1992). 8180  was sampled, analyzed and provided by the University of 
Washington (Grootes et al., 1993).
The GISP2 depth-age time scale was established based on multi­
parameter counting of annual layers to a depth corresponding to about 40.5 
kyr ago (Meese et al, 1994). Beyond this age, it was developed based on a 
correlation of the 5180  of atmospheric O2 between GISP2 and Vostok ice cores 
(Sowers et al., 1993; Bender et al, 1994). Current estimated age errors for the 
GISP2 time series are: 2% for 0-11.64 kyr BP, 5%  for 11.64-17.38 kyr BP, <10%  
for 17.38-40.5 kyr BP (Alley et al., 1993), and up to 10% for the remainder of the 
record (Bender et al., 1994).
RESULTS AND DISCUSSION
Correlation Between Chemical Species and with 5180
Concentrations of major chemical species (Cl", NO3 ', S0 4 2', Na+, NH4 +, 
K+, Mg2+, Ca2+) are plotted along with 8180  in Figure V.l in order to see
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Figure V.l. Concentrations (ppb) of major chemical species versus 5lsO 
for the last 110,000 years in the GISP2 ice core.
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variations from the present to 110,000 years ago. During the Holocene both 
chemical concentrations and 5180  values are relatively constant in contrast to 
during the last glacial period. It is apparent from Figure V.l that chemical 
species demonstrate similar stadial and interstadial oscillations similar to 
those found in the 5180  record by Dansgaard et al. (1993) and Grootes et al. 
(1993). Concentrations of chemical species of Cl', S0 4 2', Na+, K+, Mg2+, Ca2+ 
display synchronous oscillations for the last glacial period. Over the period 
11,600 to 1 1 0 ,0 0 0  years, increases ir chemical concentrations are in general 
accompanied by decreases in oxygen isotope value (more negative) and vice 
versa.
To investigate quantitatively the relationship between 5180  values and 
concentrations of major chemical species, a series of correlation analyses was 
performed for the Holocene and pre-Holocene (11,600-110,000 years) (Table 
V.l). No significant correlation exists between oxygen isotopes and major 
chemical species for the Holocene. In addition, correlation coefficients among 
major species are also very low for this period too. Between 11,600 and
1 1 0 ,0 0 0  years ago, major chemical species show a negative correlation to 8180 . 
Most correlation coefficients (r) during the period of 11,600-110,000 year in 
Table V.l are statistically significant at the 95% level. R values of 0.7 or lower 
suggest that less than 50% of total variance can be explained by such a linear 
relationship. It is also found that the correlation coefficient between chemical 
species and oxygen isotopes is slightly higher during stadials than during 
interstadials. Thus the correlation between the major chemical species in the 
GISP2 ice core decrease with increasing temperature.
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Table V.l. Correlation coefficients between delta 018 and major chemical 
species for the Holocene, interstadials and stadials in the GISP2 ice core
0-11,600 years BP (Holocene)_____________________________________
0-18 Ca a K Mg Na NH4 N03 
Ca -0.01
Q -0.20 0.35
K -0.09 0.28 0.34
Mg 0 .0 2 0 .6 8 0.37 0.04
Na -0.19 0.55 0.61 0.55 0.50
NH4 0 .1 1 0.28 0.07 0.07 0.39 0 .1 0
N03 0.03 0.25 0.33 -0 .0 1 0.34 0.07 0.32
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Correlation coefficients in Table V.l reveal that concentrations of Ca2+/ 
Mg2+, Na+, K+, SO42'  and Cl" are highly correlated to each other during the 
last glaciation. Figure V.l shows that most of the major ions (Cl', SO42', Na+, 
K+, Mg2+, Ca2+) display synchronous increases or decreases in concentrations 
during the pre-Holocene period. To maintain such synchronous variations 
and concentration they must be transported in a well-mixed atmosphere 
(Mayewski et al., 1994). The Holocene is known to have significant climate 
diversity (Denton and Karlen, 1973; Harvey, 1980) and atmospheric variation 
revealed through chemical composition of the GISP2 ice core suggest a 
dynamic environment (O'Brien et al., 1994). The highly inverse correlation 
between the major ions and 6180  during pre-Holocene suggests that 
atmospheric circulation patterns during this period were not as complex as at 
present. It is suggested that during the ice age the maximum ice cover extent 
reached about 40°N in North America, with an average latitude of the ice 
edge maximum over the land area of the hemisphere of 52°N (Budd and 
Rayner, 1990). Thus the large ice-sheet related polar atmospheric cell 
dominated variation of atmospheric circulation system during the pre- 
Holocene period. Therefore, we suggest that the atmosphere is well-mixed 
and atmospheric circulation patterns were relatively simple during the pre- 
Holocene period.
NH4+ is the only chemical species whose behavior differs significantly 
from the other species (Table V.l). NH t+ concentrations are generally not 
associated with other species during the last glaciation. The discrepancy 
between NH4 + and Ca2+, Mg2+, Na+, K+, SO42', and Cl' may be due to their
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difference in source and transportation pathways. The dominant sources of 
NH4+ include biogenic activity and biomass burning and NH4 + has a 
relatively short residence time in the atmosphere (Wameck, 1988; Langford et 
al., 1992). It is apparent in Figure V.l that the concentration of NH4 + is higher 
during long interstadials and the Kolocene and lower during long stadials. 
During a long stadial period, ice sheets expand southward in the northern 
hemisphere (Budd and Rayner, 1990). Thus NH4 + shows a weak positive 
correlation coefficient to NO3'  over the last 110,000 years. This is may be 
because some of NO3 '  measured in the ice core is derived from similar 
sources of N H ^ , namely, soil exhalation and biomass burning (Legrand and 
Kirchner, 1990; Mayewski and Legrand, 1990). In this case, productivity of 
NH4+ is damped due to less continental area, and the colder and drier 
climates. Significant increases in NH4+ over the last 110,000 years have been 
attributed to variations in insolation (Meeker et al., in review).
Changes in W ind Strength  and Chem ical Source Regions
Marine aerosols and terrestrial dusts make up the two major types of 
chemical species in Greenland snow. The large variation of major chemical 
concentrations between stadials and interstadials is believed to reflect changes 
in ocean ice cover extent, and strength and size of the atmospheric circulation 
system over Greenland (Mayewski et al., 1993, 1994). In general, stadials are 
characterized by dramatic increases in chemical concentration, suggesting that 
both marine and terrestrial inputs increased rapidly as a result of higher sea 
surface wind speed and greater meridional transport capacity (Petit et al., 1981;
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De Angelis et al., 1987; Mayewski et al., in review). In contrast, interstadials 
are characterized by a decrease in chemical concentrations, suggesting that 
both marine aerosols and terrestrial dusts decreased dramatically as a result of 
calmer sea surface wind speed and a damped size and strength of the 
atmospheric circulation system (Herron and Langway, 1985; Mayewski et al., 
1994, in review; Meeker et al., in review).
To quantitatively estimate past sea surface wind strength, Petit et al. 
(1981) used the formula log C = aV + b, where C is the seasalt aerosol 
atmospheric concentration, V is the sea surface wind speed and a varies 
between 0.16-0.25. During stadials and interstadials, mean seasalt 
concentration is about 10 and 5 times higher, respectively, than the Holocene 
in the GISP2 ice core. Based on Petit et al. (1981), therefore, stadial sea surface 
wind speed would have been about 4 (a=0.25) to 6.3 (a=0.16) m^s' 1 higher, and 
during interstadials sea surface wind speed would have been about 2 .8  
(a=0.25) to 4.4 (a=0.16) m^s-1 higher than that during the Holocene. Although 
such estimates are rather simple and do not consider seasalt concentration 
changes that occur during large scale transport, they provide an approximate 
reconstruction of past sea surface wind speed that could be of value for 
climate modeling.
Concentrations of major chemical species fluctuated notably over the 
last 110,000 years in the GISP2 core. In order to calculate mean chemical 
concentration for each stadial and interstadial, we first identified the 
inflection points on the roughly sinusoidal variations of Ca2+ series from 
Figure V.l. Stadial concentration was taken as the average of all sample
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concentrations higher than the inflection points, interstadial concentration 
the average of all concentrations lower than the inflection points.
In Figure V.2(a), each chemical species (presented in peq/1) is averaged 
over the periods: Holocene, total of all interstadials and total of all stadials. 
During the Holocene, mean anion (Cl-, NC>3‘, SO42') concentration (2.60 
jj.eq/1) is about twice mean cation (Na+, NH4+, K+, Mg2+, Ca2+) concentration 
(1.34 (j.eq/1). The unbalanced concentrations of anions and cations suggest a 
missing amount of cation H+. To balance the mean of the anions and cations, 
1.26 (J.eq/1 H+ must be added. Based on this imbalanced chemical composition 
it appears that during the Holocene the atmosphere was acidic. During 
stadials the mean cation concentration is 16.37 jj.eq/1 and the mean anion 
concentration is 7.84 ji.eq/1. Mean cation concentration is more than twice 
that of the anions. The missing amount of anion is believed to be HCO3'  
(Mayewski et al., 1994). Thus during stadials the atmosphere was 
characterized by an alkaline atmosphere. During interstadials mean cation 
concentration is 4.53 fj.eq/1 and mean anion concentration is 3.87 |ieq/l. Since 
the mean concentration of cations is about 18% more than mean anion 
concentration, the interstadial atmosphere was alkalescent or close to neutral.
In Figure V.2b, mean anions and cations for each stadial and 
interstadial reveal that in general chemical concentrations do not vary 
significantly during interstadials. However, during stadials chemical 
concentrations fluctuate by a factor of 6 . The cause of these large variations is 
believed due to changes in the size and intensity of polar atmospheric 
circulation system (Mayewski et al., 1994, in review).
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Figure V2. (a) Chemical concentrations (p.eq/1) for the period of Holocene,
stadial and interstadial. (b) Mean cations and anions for each stadial and 
interstadial.
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Chemical concentrations differ during the Holocene, interstadials and 
stadials. The difference in cations between the Holocene (1.34 (ieq/1) and all 
stadials (16.37 ja.eq/1) is -10 times. Concentrations follow the order stadials > 
interstadials > Holocene. In addition, not only did chemical concentrations 
change, but also chemical constituents in the atmosphere varied for the 
periods of the Holocene, versus stadials versus interstadials. Figure V.3 
reveals that during the Holocene NO3'  is the dominant anion and NH4 + is 
the dominant cation, while SO4 2'  and Ca2+ are the dominant anion and 
cation, respectively, for stadials and interstadials. It is, however, worth noting 
that were measurement of H+ and HCC>3‘, the dominant anions would be 
NC>3‘, SO42- and HCO3 '  for the Holocene, interstadials and stadials, 
respectively. Dominant cations would be H+, Ca2+ and Ca2+. Changes in 
dominant chemical species suggest that the source region varied during these 
periods.
The ratio of chemical species in ice cores can provide valuable 
information about whether chemical species come from similar region. If a 
source region for an air mass traveling to Greenland remains the same, the 
ratio of a given species to a reference species should remain relatively 
constant. Na+ is the most conservative sea salt species in Greenland snow 
(Mayewski et a l, 1994; O'Brien et al., 1995). Therefore, we present ratios of CT 
/N a+, K+/N a+, Mg2+/N a+, Ca2+/N a + and S0 4 2'/N a +. Since NO3 '  and NH4+ 
are associated with neither marine aerosols, nor terrestrial dusts. They are 
excluded them from Figure V.4. The horizontal line in Figure V.4 represents 
modern sea salt ratio.
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Figure V.3. Chemical composition for the Holocene, stadials 
and interstadials overthe last 1 1 0 ,0 0 0  years.
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It is apparent in Figure V.4 that chemical ratios are not always constant 
during stadials, interstadials and the Holocene. In general chemical ratios of 
Ca2+/N a+, Mg2+/N a+, K+/N a+ and SO42'  are well above the sea salt ratio over 
the last glacial period, suggesting that terrestrially derived dusts play an 
important role in the composition of the atmosphere chemical composition 
at this time.
During stadials Ca2+/N a+, Mg2+/N a+ and K+/N a+ are higher than that 
during interstadials. The ratio of Ca2+/N a+ differs significantly among 
stadials, however, it is relatively constant during interstadials, suggesting that 
the size and intensity of polar atmospheric circulation remains the similar 
during interstadials. Due to low concentration of K+ in Greenland snow (less 
than 1.5% during interstadials and -2% during stadials), ratio of K+/N a+ may 
sensitively reflect changes in source region. The high ratio of K+/N a + during 
the Holocene is believed to be due more to biomass burning activities which 
increase the atmospheric concentration of K+ (Whitlow et al., 1994, Dibb et al., 
1996).
C l'/N a+ is generally slightly higher during interstadials than during 
stadials, but the ratio of Cl‘/N a+ varies insignificantly between stadials and 
interstadials and is close to the sea salt ratio. The ratio of Cl‘/N a + is higher 
during the Holocene than during stadials and interstadials. This is may be 
because the Holocene atmosphere is more acidic. In an acidic atmospheric 
environment, seasalt (mainly NaCl) reacts with H+ to form gaseous HC1 
(Legrand et al., 1988; Keene et al., 1990). Gaseous HC1 can travel through the 
upper troposphere reaching the high latitude atmosphere of Greenland, thus,
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Figure V.4. Ratios between major chemical species to Na+ for each stadial and 
interstadial, and mean ratios for the Holocene, stadials and interstadials.
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it is an important source for the budget of Cl' in Greenland snow and ice.
SC>42'/N a + is also generally higher during interstadials than during 
stadials, however, the ratio of SC>42'/N a + during the Holocene is two times 
higher than ratios during stadials and interstadials. Thus we propose that 
during the Holocene marine biogenic activity and soil productivity increased 
due to increases in temperature (Adams et al. 1980, 1981; Herron, 1982).
During the Holocene decreased in wind speed and more dynamic 
atmospheric circulation patterns preventing terrestrial dust from being 
transported to Greenland (Petit et al., 1980; Herron and Langway, 1985; Delmas 
and Legrand, 1989; Mayewski et al., 1994, in review; O'Brien et al., 1995). 
Hence, the relative ratio of S0 4 2'/N a + during the Holocene is higher than 
during the pre-Holocene.
As discussed previously during stadials wind speeds are higher than 
during interstadials. However, increased wind speed alone cannot account 
for the large variations of chemical ratios between stadials and interstadials, 
and different chemical constituents during the Holocene, stadials and 
interstadials. The higher ratio of Mg2+/N a+ and Ca2+/N a+ during stadials 
versus interstadials and the Holocene, as well as different chemical 
compositions during these periods indicate that new source regions enriched 
with Ca2+ and Mg2+ are involved during stadials and interstadials versus the 
Holocene.
During the last glacial period, sea level lowered due to the increase in 
land ice cover (Chappell and Shackleton, 1986; Budd and Rayner, 1990) 
exposing CaCC>3 and MgCC>3 enriched sediments from the continental shelf.
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Further during the last glacial period tropical latitude arid zones were five 
times bigger than at present (Petit et al., 1981) providing additional sources of 
Ca2+ and Mg2+. During the last glacial period expansion of polar atmospheric 
circulation (Mayewski et al., 1993, 1994) and thus higher terrestrial dust 
incorporation potentially resulted in large increases in dust transported to 
Greenland. Dust from arid areas in Asia and southern North America, where 
mineral compositions show high amounts of soluble caldte (CaCC>3 ) and 
gypsum (CaSC>4 .2 H2 0 ), have been suggested as potential sources for central 
Greenland snow (Prospero, 1990; Gomes and Gillette, 1992; O’Brien et al., 
1995).
D u ration  o f In terstad ia ls versus the H einrich E vents
The duration of stadials and interstadials (Table V.2) was calculated and 
plotted in Figure V.5 based on the Ca2+ series. Duration of interstadial events 
varies from 226 years (event 2) to 8373 years (event 21). Ten interstadial 
events over the last 110,000 years are longer than 2000 years (events 8,12,14, 
16, 19,20,21,22, 23 and 24). Table V.2 also indicates that at the beginning of 
last glacial period interstadial duration was longer. Nine out of ten 
interstadial events longer than 2000 years occurred between 110,000 and 44,000 
years ago. During the period 42,000 to 25,000 years BP there are 9 stadial and 
interstadial events, indicating that shorter and more frequent events occurred 
prior to the last glacial maximum (LGM).
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Table V.2. Type and length of stadials and interstadials for the last glaciation
N o of IS Ca Mg K
Geometric types
N a Cl S 0 4  Period covered Length  
o f Interstadial (years BP) (years)
N o o f S  Ca M g K Na Cl S 0 4  
Geometric types o f Stadial




24IS I I III I III I 107170-104453 2717 24S III III IV IV III 104453-100830 3623
23IS IV  I II I I III 100830-96754 4076 23S IV IV IV IV IV 96754-89052 7702
221S I I I I I I 89052-86792 2260 22 S I I I I I 86792-82641 4151
21 IS I I I I I III 82641-74268 8373 21S II 11 II II II 7426G-73681 587
20 IS III III PI Ti I I 73581-71177 2404 20 S II II II I I 71177-70071 1106
19 IS I I I I I I 70071-67989 2082 19 S IV IV IV IV IV 67989-63019 4970
18 IS 11 11 11 11 11 II 63019-62075 944 18 S I I III III I 62075-57528 4547
17 IS II II II II II II 57528-56774 754 17 S II II II II II 56774-56132 642
16 IS I I I I I I 56132-53872 2260 16 S I I I IV IV 53872-53192 680
15 IS II II II II II II 53192-52717 475 15 S IV IV IV I III 52717-51675 1042
14 IS I I II IV IV III 51675-49152 2523 14 S II II II II II 49152-47283 1869
13 IS II II II II II II 47283-46604 679 13 S I I I I I 46604-45472 1132
12 IS I I I I II II 45472-43207 2265 12 S I IV I I IV 43207-42604 603
11 IS III I I III I III 42604-41698 906 11S II III II II II 41698-41254 444
10 IS II II II II II II 41254-40754 500 10 S I I IV IV IV 40754-40309 445
9 IS II II II II II II 40309-40071 238 9 S I I I I I 40071-38478 1593
8 IS III  III III III III III 38478-36189 2289 8 S II II II II II 36189-35370 819
7 IS I I II I II I 35370-34506 864 7 S II II II I II 34506-33781 725
6 IS I I I I I I 33781-33079 702 6 S I I II I I 33079-32400 679
5 IS IV  IV I I I IV 32400-30650 1750 5 S IV IV IV IV IV 30650-29223 1427
4 IS 11 II II II 11 II 29223-28650 573 4 S I I I I I 28650-27962 688
3 IS II II II II II II 27962-27320 642 3 S IV IV IV IV IV 27320-23528 3792
2 IS II II II II II II 23528-23302 226 2 S III III III III III 23302-14717 8585
1 IS III III I III III III 14717-12890 1827 IS (YD) I I I I I 12890-11700 1190
00
O N
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Figure V.5. Length of stadials and interstadials versus their numbers, 
(arrow s ind icate  position  of H einrich events after Bond et al., (1993))
1 0 0
As noted in Figure V.5, the rapid climate change events form a series of 
asymmetrical saw-tooth shapes (events 21-17,16-15,14-13,12-9,8-6,5-2). The 
observed pattern coincides with a series of ice sheet oscillations that 
discharge icebergs into the ocean called Heinrich events (Bond et al. 1993). 
Following each Heinrich event interstadial duration is, in general, longer 
than that of adjacent interstadials. The prolonged warm interstadials 
following each Heinrich event have also been reported by Maslin and 
Shackleton (1995) using planktonic foraminiferal species abundance and 5180 .
The ocean is believed to play an important role in the rapid shifts 
between stadials and interstadials (Broecker and Denton, 1990; Lehman and 
Keigwin, 1992). To explain the saw-tooth shapes, we propose that during each 
Heinrich event meltwater from icebergs may have enhanced sea ice extent 
because fresh water has higher freezing temperature than salty water. Thus 
extended sea ice cover may have prevented heat exchange between the ocean 
and the atmosphere at high latitudes and consequently cooled the North 
Atlantic region.
These abrupt prolonged interstadial events following each Heinrich 
event were suggested to be caused by decreases in meltwater flux resulting in 
collapse and retreat of ice sheets following each Heinrich event (Bond et al., 
1993). The high elevation of the Laurentide ice sheet is also believed to be 
responsible for increased northerly winds over the western part of the North 
Atlantic, and consequent cooling of the surface water (Manabe and Broccoli, 
1985). The reduced volume of icebergs to the ocean (Bond et al., 1993) and 
reduced elevation of ice sheets following each ice sheet collapse could have
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enhanced salt build up by evaporation, and consequently triggered deep-water 
formation. Thus a prolonged interstadial may have followed each Heinrich 
events.
Stadial duration was plotted (Figure V.6 ) along with reconstructed sea 
level based on coral-reef records (e.g., Edwards et al., 1993; Chappell et al., 1994; 
Gallup et al., 1994) to see if ice sheet volume has any relationship with length 
of stadials over the last glacial period. There is a rough inverse relationship 
between duration of stadials and sea level during the last glacial period, 
suggesting that stadial duration tends to be longer when ice volume is larger. 
However, during the period 30,000-55,000 year the correlation between sea 
level and stadial duration is insignificant. This may be because during this 
period ice sheet dynamic is steady. There were more short stadials and 
interstadials occurred during this period so that the length of stadials did not 
response to such rapid climate change in terms of ice volume.
The geometry of the chemical series differs during each stadial and 
interstadial (Figure 1). Based on variations of chemical concentrations 
(examined visually), shapes of stadials and interstadials for the major 
chemical series were summarized into four basic types (Figure V.7, Table 2). 
Notable common features in Figure V.7 are that concentration of chemical 
species increases sharply through a short transition (stage 2 ) from a 
minimum concentration (stage 1) to maximum concentration (stage 3). 
Similarly, concentration of species decreases sharply through a short decay 
transition (stage 4) from maximum concentration to minimum 
concentration (stage 5). Type II does not have stage 2, suggesting that a rapid
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Figure V.7. Basic geometric types of stadial and interstadial 
in the GISP2 ice core
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atmospheric reorganization occurred while prevailing circulation system 
reaches its maximum strength, and vice versa.
Although the mechanisms for causing different geometries in 
chemical concentration vary (Figure V.7) during stadials and interstadials are 
not well understood yet, we notice that Heinrich event related stadials do 
appear to have some common features. During these stadials, all six chemical 
species (Cl', SO42', Na+, K+, Mg2+, Ca2+) concentrations follow the same 
geometric types. The notable chemical composition difference during these 
stadials is higher Ca2+ concentration, in contrast to adjacent stadial events.
The Heinrich events occurred during periods of extreme atmospheric cooling 
(Bond et al., 1992; 1993). As stated previously that cooling period has high 
wind speed. To maintain the same chemical geometric type and the more 
alkaline condition requires well mixed, strong polar atmospheric circulation. 
Otherwise chemical concentration geometry would not be the same.
Therefore, we suggest that the shapes of chemical geometry may be controlled 
by wind speed and polar circulation index (PCI), a measure of the relative size 
and strength of polar atmospheric circulation.
C O N C L U S I O N S
Twenty-four well defined cycles of stadials and interstadials defined by 
changes in the concentration of major chemical species were found to match 
similar variations in 5180  record over the last 110,000 years. Analysis of 
correlation between concentrations of major chemical species (Cl*, NO3',
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S042', Na+, NH4 +, K+, Mg2+, Ca2+) and values of 8180  were performed. The 
results reveal that for the first 11,600 years (Holocene) there is no clear 
correlation. However, between 11,600 and 110,000 years BP concentrations of 
Cl", SO42', Na+, K+, Mg2+, Ca2+ are well correlated to 8180  and chemical 
species correlate to each other very well. This suggests that there was a 
synchronous increase and decrease in sea salt and dust levels during stadials 
and interstadials.
It has been proven in this investigation that atmospheric chemical 
concentrations, compositions and sources regions changed significantly 
during the Holocene, interstadials and stadials. The atmosphere was 
characterized by acidic, alkalescent and alkaline environment during these 
periods, respectively. Atmospheric loading follows the order stadials > 
interstadials > Holocene. The dominant ions varied during the Holocene, 
interstadials and stadials due to changes in source regions, wind strength, and 
size and strength of atmospheric circulation over the last 110,000 years. For 
example, NH4+ is the dominant cation during the Holocene while Ca2+ is the 
dominant during the last glacial period.
As reported by Mayewski et al. (1994, in review), Heinrich events are 
clearly recorded in the GISP2 chemical series. Duration of interstadials 
indicates that a prolonged warm interstadial follows each Heinrich event, 
suggesting that an enhanced deep-water formation occurred following each 
Heinrich events and then the duration of interstadial gradually gets short till 
next cycle occurred.
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GISP2 chemical series over the last 110,000 years demonstrate that 
atmosphere responds more quickly than any other climate proxy of the Earth 
system on all time scales. For example, anthropogenic activity, Younger 
Dryas, and Heinrich events all are recorded in changes in the major chemical 
concentrations. Changes in concentrations of the soluble chemical species in 
the atmosphere, reflects changes in wind strength, source regions, and size 
and strength of the atmospheric circulation over the last 110,000 years. By 
compiling other measurements with chemical measurements presented here, 
for example, insoluble particle size distribution and mineral composition, the 
GISP2 core can be used to further refine the source regions for air masses and 
atmospheric circulation patterns during different time periods.
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VI. CONCLUDING REMARKS
The Greenland ice sheet has preserved within it high resolution 
records of environmental and climate change spanning seasons to thousands 
of years. In this study, we utilize major chemical species (Cl', NO3", SO42', 
N a+, K+, Mg2+, Ca2+, and NH4+) measurements from snowpits throughout 
Greenland ice cores from the Greenland Ice Sheet Project Two (GISP2), 
Summit Greenland; 20D, southern Greenland; Mount Logan, Yukon 
Territory, Canada; and Sentik Glacier in the Indian Himalayas to investigate a 
variety of topics, such as the major chemical species spatial and temporal 
distribution, possible sources for nitrate in snow, and changes in the 
chemistry of the atmosphere associated with volcanic events.
With snowpits from northern, southern, and central Greenland, the 
annual and seasonal (winter and summer) concentration of each chemical 
species (Cl*, NO3', SO42', Na+, K+, Mg2+, Ca2+) were used to study the spatial 
distribution of chemical species over the Greenland ice sheet. A two-side t- 
distribution test (a=0.05) suggests that concentrations of major chemical 
species in snow do not vary significantly over, at least, central Greenland.
The relationship between chemical concentration and snow 
accumulation rate was investigated using snowpits, the upper 300 m of the 
GISP2 core, the 20D ice core at south Greenland, and the Mount Logan ice 
core. The snowpits from central, north and south Greenland show that 
chemical concentrations (CL, NO3', SO42', Na+, K+, Mg2+, Ca2+, and NH4+) do
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not vary with snow accumulation rate, if each group is examined 
independently. Further, annual concentrations of chemical species in ice 
cores (GISP2, 20D, Mount Logan) do not vary with snow accumulation rate. 
However, when two groups snowpits (central plus north and south of 
Greenland) data are integrated into a single data set, a pseudo-relationship 
appears with NO3'  concentration decreasing and Na+, K+, Mg2+ and Cl* 
increasing as snow accumulation rate increases. Therefore, we suggested that 
it is improper to study the relationship between chemical concentration and 
snow accumulation rate by using data collected from different geographic 
sites.
Of all the chemical series (GISP2,20D, Mount Logan, and Sentik 
Glacier), only N O 3 '  concentration data are normally distributed. N O 3 '  
concentrations in snow are affected by post-depositional exchange with the 
atmosphere. The persistent summer maxima in N0 3 ‘ observed in Greenland 
snow is believed to be mainly due to N O x  released from peroxyacetyl nitrate 
(PAN) by thermal decomposition in the presence of higher OH 
concentrations in summer. The late winter/early spring N0 3 ‘ peak in 
modern Greenland snow may be related to the buildup of anthropogenically 
derived N O y  in the Arctic troposphere during the long polar winter.
The 110,000 years long major chemical species fluctuations in the GISP2 
ice core demonstrates that chemical concentrations are inversely correlated 
with 5180  during the last glacial period, suggesting that during periods of 
decreased atmospheric temperature there is an increasing chemical loading of 
atmosphere. This is believed to be a consequence of increased wind speed and
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aridity during these cold periods. Changes in major chemical composition 
over the last 110,000 years suggest that during the Holocene, the atmosphere 
was acidic; during interstadials the atmosphere was a neutral or alkalescent, 
and during stadials the atmosphere was alkaline. Changes in chemical 
composition and chemical ratios also indicate that source regions differ 
during the Holocene, stadials and interstadials for terrestrially related species, 
such as Ca2+, SO42'  and C O 32'.
The GISP2 glaciochemical series preserves not only records of 
atmospheric chemistry, but also detailed climatic features such as the Younger 
Dryas, Dansgaard-Oeschger events, and Heinrich events (Mayewski et al.,
1993, 1994, in review). Duration of interstadials indicates that a prolonged 
warm interstadial follows each Heinrich event, suggesting that an enhanced 
deep-water formation occurred following each Heinrich events and then the 
duration of interstadial gradually gets short till next cycle occurred.
GISP2 chemical series over the last 110,000 years demonstrate that atmosphere 
responds more quickly than any other climate proxy of the Earth system on 
all time scales. For example, anthropogenic activity, Younger Dryas, and 
Heinrich events all are recorded in changes in the major chemical 
concentrations. Changes in concentrations of the soluble chemical species in 
the atmosphere, reflects changes in wind strength, source regions, and size 
and strength of the atmospheric circulation over the last 110,000 years. By 
compiling other measurements with chemical measurements presented here, 
for example, insoluble particle size distribution and mineral composition, the
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GI5F2 core can be-used to further refine the source regions for air masses and 
atmospheric circulation patterns during different time periods.
Finally in this research, a nearly complete depletion of NO3 '  (94%) and 
depletion of Cl' (63%) was observed in concurrent with a major volcanic 
eruption horizon. The depletion of Cl- has never been reported in any 
previous reports. It is suggested that such depletion is due to the presence of a 
large amount of sulfate in the atmosphere that disturbs the photochemistry 
in the atmosphere and extremely acidic layer in ice core.
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A P P E N D I X  A
Mean annual chemical concentrations (ppb) and depth (cm) for 
snowpits sampled from 1987 through 1992. Snowpits from 1987 and 1988 
were dug by Dr. Paul Mayewski and other members of the Glacier Research 
Group. 1989 snowpits were dug by Mr. Chris Kingma and other members of 
the Glacier Research Group.
Snowpit dating is based on oxygen isotope (8180) seasonal variations. 
Oxygen isotope values for 1987 snow pits were provided by the Isotope 
Laboratory in Copenhagen. The rest of the oxygen isotope analyses were 
performed at the University of Washington. When the 8180  data were not 
available or did not provide a clear seasonal cycle, seasonal signals in 
hydrogen peroxide (H2O2) or the ratio between chloride and sodium (Cl/Na) 
were utilized.
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87 snow pit-1. Dated based on 0-18
Year Depth Cl N 03 S04 Na NH4 K Mg Ca 0-18
86 64.23 15.80 81.99 69.58 5.74 4.86 0.76 1.21 8.44 -3523
85 128.00 16.66 129.15 97.93 5.85 5.65 1.60 2.16 19.35 -33.34
84 209.50 13.34 145.28 86.90 1.91 5.31 0.85 0.57 7.08 -33.00
83 285.71 13.51 118.17 126.60 3.33 5.65 0.72 1.56 12.91 -35.29
82 328.57 14.41 84.73 78.77 5.31 6.72 1.98 0.81 9.36 -35.62
81 376.19 18.64 169.65 154.77 5.59 12.55 0.87 1.31 7.72 -36.11
80 428.57 20.04 127.56 136.29 6.33 20.35 1.26 1.57 6.85 -34.94
79 490.48 15.65 136.28 95.67 2.91 11.40 0.89 1.04 7.26 -35.81
78 535.71 20.32 123.57 117.28 7.57 11.42 1.80 1.25 5.74 -35.14
77 588.10 14.34 146.86 85.50 3.10 10.67 0.89 1.20 6.26 -33.56
Mean 16.27 126.32 104.93 4.76 9.46 1.16 1.27 9.10 -34.80
87 snow pit-2. Dated based on 0-18
Year Depth Cl N 03 S04 Na 0-18
86 0.80 13.83 82,84 60.70 5.24 -34.83
85 1.56 20.41 160.50 101.59 4.67 -33.56
84 2.22 21.46 170.00 96.59 7.17 -32.15
83 3.03 12.65 106.21 85.51 3.57 -33.68
82 3.64 11.18 111.04 91.23 3.80 -36.01
Mean 15.91 126.12 87.12 4.89 -34.05
87 snow pit-3. Dated based on 0-18
Year Depth Cl N 03 S04 Na 0-18
86 0.64 12.67 85.04 70.05 4.91 -35.38
85 1.56 16.52 139.12 79.31 4.01 -32.63
Mean 14.60 112.08 74.68 4.46 -34.01
87 snow pit-4. Dated based on 0-18
Year Depth Cl N 03 S04 Na NH4 K Mg Ca 0-13
86 61.08 13.49 99.33 83.77 3.61 10.20 0.62 1.17 22.53 -35.04
85 146.80 15.05 137.39 83.13 2.91 9.75 0.68 1.20 11.39 -33.11
84 230.54 14.82 128.77 103.24 3.84 11.05 1.60 1.78 16.86 -32.05
83 303.77 13.55 104.08 100.44 3.70 8.90 0.53 1.17 14.95 -34.50
82 366.53 25.54 147.23 118.84 6.57 11.90 0.78 2.22 23.77 -38.11
Mean 16.49 123.36 97.88 4.13 10.36 0.84 1.51 17.90 -34.56
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
137
87 snow pit-5. Dating based on 0-18
Year Depth Cl N 03 S04 Na 0-18
86 10-80.33 12.42 115.97 68.51 3.61 -36.50
85 135.56 18.67 128.22 86.99 8.43 -33.39
84 210.90 15.62 143.63 105.62 5.65 -33.84
83 283.68 12.66 122.54 114.96 3.71 -35.68
82 343.93 16.08 137.30 127.69 4.47 -35.99
81 391.63 12.97 162.84 108.15 3.82 -33.62
Mean 14.74 135.08 101.99 4.95 -34.84
87 snow pit-6. Dating based on 0-18
Year Depth Cl N 03 S04 Na 0-18
86 14.43 119.13 102.43 4.41 -34.68
85 23.47 147.42 98.76 6.39 -35.85
84 18.92 143.77 121.44 7.49 -33.99
83 21.60 133.33 156.92 29.08 -37.30
82 22.87 123.58 132.17 11.12 -38.54
81 23.61 183.35 167.87 7.21 -37.46
80 24.20 181.73 197.36 6.48 -35.34
79 22.51 158.36 131.19 8.72 -36.65
Mean 21.45 148.83 138.52 10.11 -36.23
87 snow pit-7. Dating based on 0-18
Year Depth Cl N 03 S04 Na NH4 K Mg Ca 0-18
86 35.14 36.52 199.44 203.47 12.37 9.17 1.21 2.99 26.47 -36.17
85 82.85 15.04 144.84 54.19 3.32 5.78 0.36 0.72 13.95 -37.55
84 128.00 20.14 181.06 99.41 4.41 7.36 0.51 1.14 14.50 -35.55
83 190.79 16.63 165.94 106.35 3.18 6.01 0.58 1.43 17.10 -34.18
82 253.55 15.15 120.84 127.50 3.62 4.53 0.55 1.38 19.56 -35.47
81 303.80 21.04 197.59 120.08 4.44 5.62 0.56 1.46 20.63 -37.06
80 :|46.40 32.55 172.25 163.87 10.25 9.70 7.53 1.25 15.18 -34.71
79 £81.60 22.13 115.68 125.48 6.28 9.88 0.52 1.25 9.67 -36.69
Mean 22.40 162.21 125.04 5.98 7.26 1.48 1.45 17.13 -35.92
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88 snow pit-1. Dating based on 0-18
Year Depth Cl N 03 S04 Na NH4 K Mg Ca 0-18
87 85.36 28.31 96.39 86.71 9.98 5.22 1.31 1.58 8.28 -30.10
86 178.20 23.08 83.10 77.80 8.60 5.94 1.40 1.59 8.14 -28.10
85 303.80 36.65 95.48 74.93 13.08 8.09 1.22 2.35 7.26 -29.10
84 371.60 54.69 93.72 108.60 28.71 8.28 2.28 4.21 13.61 -30.70
83 436.80 24.45 94.99 97.00 9.50 4.61 0.99 1.81 5.40 -32.40
82 494.50 41.63 112.60 138.60 17.73 7.47 1.79 3.85 14.49 -32.60
81 549.80 45.22 120.00 118.90 20.72 6.58 1.92 3.11 6.83 -30.20
Mean 36.29 99.47 100.36 15.47 6.60 1.56 2.64 9.14 -30.46
88 snow pit-2. Dating based on H202
Year Depth Cl N 03 S04 Na NH4 K Mg Ca 0-18
67 92.05 17.80 81.48 70.28 7.12 5.84 2.45 1.02 6.37 -30.50
86 184.10 28.72 87.38 91.08 10.91 5.80 1.31 1.86 7.12 -29.30
85 282.80 45.30 91.79 76.63 18.23 7.75 2.39 2.96 9.50 -29.90
84 363.20 40.95 130.80 119.80 14.71 10.21 2.06 2.97 7.10 -28.90
Mean 33.19 97.86 89.45 12.74 7.40 2.05 2.20 7.52 -29.65
88 snow pit-3. Dating based on 0-18
Year Depth Cl N 03  S04 Na NH4 K Mg Ca 0-18
87 93.30 23.82 128.40 113.50 9.67 319.10 0.50 1.63 6.49 -31.10
86 161.30 10.26 106.90 115.40 11.21 7.13 0.83 2.09 4.77 -28.80
Mean 17.04 117.65 114.45 10.44 163.12 0.67 1.86 5.63 -29.95
88 snow pit-4. Dating based on 0-18
Year Depth Cl N 03 S04 Na NH4 K Mg Ca 0-18
87 110.00 14.04 92.54 62.21 6.80 8.76 1.75 0.86 13.10 -27.20
86 189.00 27.64 133.80 109.70 10.28 14.65 4.18 1.32 15.80 -25.70
Mean 20.84 113.17 85.96 8.54 11.71 2.97 1.09 14.45 -26.45
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88 snow pit-5. Dating based on 0-18
Year Depth Cl N 03 S04 Na NH4 K Mg Ca 0-18
87 119.00 18.92 108.60 70.51 6.61 9.03 1.49 0.96 14.06 -27.60
86 234.00 22.84 114.60 101.90 8.53 8.39 1.05 1.50 10.16 -28.80
85 313.00 22.45 134.20 89.02 7.00 12.95 2.25 1.16 10.64 -25.30
84 389.00 15.32 101.60 83.23 6.87 9.29 2.11 1.80 16.37 -27.30
Mean 19.88 114.75 86.17 7.25 9.92 1.73 1.36 12.81 -27.25
88 snow pit-6. Dating based on H202
Year Depth Cl N 03 S04 Na NH4 K Mg Ca 0-18
87 93.60 21.82 95.52 56.35 8.67 8.32 1.12 1.35 6.63 -27.10
86 220.00 36.69 110.60 86.48 14.24 10.18 2.19 2.93 8.70 -29.20
85 306.00 34.33 133.70 81.67 14.20 13.42 3.26 1.93 9.02 -25.60
84 376.00 27.32 133.30 93.68 10.10 15.83 3.22 2.38 17.39 -29.00
83 490.00 22.08 107.40 86.11 9.26 12.58 2.62 1.79 13.53 -29.30
82 588.00 23.32 89.63 79.52 9.02 6.46 1.45 1.82 5.34 -29.00
Mean 27.59 111.69 80.64 10.92 11.13 2.31 2.03 10.10 -28.20
88 snow pit-7. Dating based on Cl/N a
Year Depth Cl N 03 S04 Na NH4 K Mg Ca 0-18
87 110.00 22.97 96.37 56.62 6.65 22.10 1.37 1.37 15.41 -28.20
86 235.00 23.60 90.67 67.26 8.58 11.51 1.95 1.09 9.42 -29.10
85 330.00 27.78 95.44 87.17 11.81 13.40 3.03 1.54 11.90 -28.00
Mean 24.78 94.16 70.35 9.01 15.67 2.12 1.33 12.24 -28.43
88 snow pit-8. Dating based on 0-18
Year Depth Cl N 03 S04 Na NH4 K Mg Ca 0-18
87 177.00 22.60 175.10 109.30 6.74 35.60 1.88 0.89 15.70 -26.90
86 341.00 20.22 85.47 55.57 9.75 17.70 4.03 0.75 5.23 -26.90
Mean 21.41 130.29 82.44 8.25 26.65 2.96 0.82 10.47 -26.90
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89 snow pit-1. Dating by 0-18
Year Depth a N 03 S04 Na NH4 K Mg Ca 0-18
88 0.55 28.37 152.77 93.27 7.50 87.20 2.03 2.26 8.04 -35.11
87 1.23 16.35 167.53 105.30 4.12 77.48 3.47 1.24 7.60 -33.23
86 1.94 15.76 99.78 67.00 5.30 90.20 0.59 1.33 5.07 -35.43
85 2.48 21.49 159.67 99.60 6.52 59.07 2.76 1.78 8.50 -35.49
84 3.14 16.14 166.10 97.74 3.58 34.81 1.76 2.70 13.58 -33.83
83 3.70 15.29 101.23 114.64 4.97 35.03 1.56 1.73 8.43 -37.06
Mean 18.90 141.18 96.26 5.33 63.97 2.03 1.84 8.54 -35.03
89 snow pit-2. Dating by 0-18
Year Depth Cl N 03 S04 Na NH4 K Mg Ca 0-18
88 0.66 30.50 108.60 75.85 11.52 22.20 1.30 1.59 5.13 -38.10
87 1.26 13.61 129.20 74.73 2.95 22.53 1.08 0.78 7.73 -33.96
86 2.07 25.75 113.80 95.56 10.98 15.75 1.03 1.84 5.15 -35.68
85 2.78 18.70 107.85 67.58 6.23 20.78 1.63 1.17 5.26 -35.30
84 3.45 18.84 199.92 145.75 6.14 20.83 2.24 2.36 18.55 -33.25
Mean 21.48 131.87 91.89 7.56 20.42 1.46 1.55 8.36 -35.26
89 snow pit-3, dating by 0-18
Year Depth Cl N 03  S04 Na NH4 K Mg Ca 0-18
88 0.59 25.60 167.90 113.65 7.05 18.74 2.03 1.47 7.02 -34.74
87 1.18 20.84 162.89 106.09 5.37 22.00 1.88 0.90 7.83 -35.31
Mean 23.22 165.40 109.87 6.21 20.37 1.96 1.19 7.43 -35.03
89 snow pit-4. Dating by 0-18
Year Depth Cl N 03 S04 Na NH4 K Mg Ca 0-18
88 0.72 25.19 163.27 93.23 8.16 8.20 3.27 1.52 10.34 -33.31
87 1.48 16.12 140.20 83.10 3.26 8.33 0.81 0.95 10.94 -33.68
Mean 20.66 151.74 88.17 5.71 8.27 2.04 1.24 10.64 -33.50
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90-atm-pit. Dating by 0-18
Year Depth Cl N 03  S04 Na NH4 K Mg Ca 0-18
89 0.65 24.55 177.55 103.36 6.40 28.15 1.28 1.20 6.29 -33.97
88 1.40 21.71 152.66 83.64 4.05 18.25 1.04 1.17 6.09 -33.04
87 2.13 18.61 138.52 100.50 3.42 29.27 1.32 1.03 6.31 -34.37
86 2.85 19.71 92.65 98.62 5.87 34.46 1.28 1.58 5.29 -34.83
85 3.41 20.60 144.73 124.91 5.90 37.26 1.96 1.59 7.41 -35.10
84 4.10 17.33 154.08 101.71 4.39 36.49 2.89 2.20 16.42 -32.29
83 4.73 16.20 123.85 108.70 4.67 32.08 1.38 1.27 7.40 -32.62
82 5.29 41.30 117.50 142.20 27.40 21.41 9.27 2.09 10.03 -37.28
81 5.77 18.86 108.16 108.85 5.29 22.27 1.56 0.67 5.32 -34.41
Mean 22.10 134.41 108.05 7.49 28.85 2.44 1.42 7.84 -34.21
90-NE-pit. Dating by C l/N a
Year Depth Cl N 03 S04 Na NH4 K Mg Ca
89 48.50 27.56 246.80 111.89 6.86 9.23 1.86 0.95 8.90
88 94.00 27.54 121.33 98.96 10.15 6.63 1.79 1.36 8.60
87 148.00 19.10 107.13 110.13 6.22 4.73 1.19 0.70 5.30
86 205.50 19.08 99.37 83.15 7.49 4.68 2.24 0.70 6.30
85 258.70 24.93 132.15 87.38 7.80 5.90 2.25 1.06 7.30
84 306.00 16.28 130.88 94.76 4.95 4.44 1.49 0.75 11.80
83 361.50 17.81 121.09 131.01 5.10 4.84 1.19 1.06 7.70
Mean 21.76 136.96 102.47 6.94 5.78 1.72 0.94 7.99
90-GISP2-pit. Dating by Cl/Na
Year Depth Cl N 03 S04 Na NH4 K Mg Ca
89 66.00 25.81 184.69 141.31 6.73 5.00 1.73 0.85 10.95
88 131.00 19.20 131.90 64.40 4.62 2.93 0.95 0.79 6.68
87 189.00 17.18 121.76 72.68 4.74 3.07 0.96 1.59 9.70
86 244.00 15.69 119.05 77.48 3.66 4.10 0.92 0.85 9.47
85 308.00 23.51 141.46 98.74 6.20 4.45 1.39 1.26 23.51
84 361.00 19.54 161.79 118.30 8.02 3.89 1.61 1.81 15.66
Mean 20.16 143.44 95.49 5.66 3.91 1.26 1.19 12.66
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91-ATM-pit. Dating by G /N a
Year Depth Cl N 03 S04 Na NH4 K Mg c a
90 97.00 11.85 112.53 48.48 3.35 4.16 1.45 0.58 6.04
91 160.00 29.29 126.00 125.20 9.45 7.02 1.00 1.84 7.18
Mean 20.57 119.27 86.84 6.40 5.59 1.23 1.21 6.61
91-GISP2-pit. Dating by Cl/Na
Year Depth Cl N 03 S04 Na NH4 K Mg Ca
90 63.00 19.06 186.31 77.63 3.85 4.81 0.85 0.79 7.23
89 132.00 19.27 150.66 97.73 4.90 5.20 0.73 0.96 5.29
88 187.00 19.44 128.24 86.43 6.03 4.07 0.85 1.14 5.19
Mean 19.26 155.07 87.26 4.93 4.69 0.81 0.96 5.90
92-GISP2-pit. Dating by Cl/Na
Year Depth Cl N 03 S04 Na NH4 K Mg Ca
91 66.00 18.15 134.72 82.65 6.03 4.30 0.92 1.33 4.89
90 135.00 14.91 128.77 70.84 3.45 3.15 0.56 0.92 4.44
89 202.00 18.90 111.34 116.60 3.82 7.32 0.73 1.15 5.64
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A P P E N D I X  B
Mean chemical concentrations (ppb) of the stadials and interstadials for 
the last 110,000 years in the GISP2 ice core. Numbers of stadials and 
interstadials are the same as reported in d180  records from Greenland ice 
cores (see section V).
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Mean chemical concentrations (ppb) for interstadials
Number Na NH4 K Mg Ca Cl N 03 S04
24 10.66 5.30 1.26 4.27 22.77 21.76 56.31 49.05
23 8.95 10.42 1.31 3.79 18.53 19.63 66.00 47.34
22 13.93 9.17 1.56 5.28 28.78 27.26 63.42 56.92
21 11.20 9.75 1.40 5.03 27.66 22.84 68.82 59.12
20 13.43 5.62 1.35 5.51 32.04 24.77 57.31 57.77
19 16.66 3.02 1.88 6.68 47.09 30.78 55.14 62.59
18 34.42 1.81 2.59 12.45 91.14 50.80 63.07 91.63
17 25.04 6.31 1.84 8.26 56.72 38.26 71.24 75.25
16 28.72 7.56 2.14 8.62 53.88 43.06 72.74 73.97
15 30.15 9.22 2.05 9.19 80.79 41.02 72.50 109.35
14 16.24 6.53 1.92 5.86 31.39 32.05 67.73 58.95
13 29.75 5.00 3.95 10.02 69.38 54.26 67.63 90.76
12 18.06 6.04 1.85 6.02 31.84 34.17 63.36 64.05
11 25.53 4.14 2.46 8.28 53.16 48.64 67.30 76.97
10 40.02 4.92 1.98 9.78 65.42 51.71 71.50 79.90
9 43.51 3.36 2.48 11.52 85.00 61.28 74.24 98.14
8 21.13 5.81 2.11 6.14 37.00 40.32 67.38 76.14
7 26.63 4.73 2.47 7.15 45.15 51.74 69.37 84.33
6 21.90 2.81 2.10 6.31 43.93 51.20 80.69 75.17
5 28.37 3.33 2.70 6.58 44.01 52.98 66.84 81.58
4 29.65 3.68 2.74 8.86 62.29 59.18 60.18 94.85
3 28.25 4.49 2.87 8.30 54.80 54.76 57.54 89.13
2 27.92 4.26 3.47 11.56 92.09 nr\ oo / u.xu 57.87 101.32
1 17.13 10.45 2.07 5.14 28.82 35.72 80.12 85.71
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Mean chemical concentrations for stadials
Number Na NH4 K Mg Ca Cl N03 S04
24 18.89 10.70 2.26 8.64 69.43 36.99 67.80 85.00
23 14.69 6.39 1.65 6.20 33.52 29.19 64.20 62.53
22 29.22 9.55 3.60 14.12 127.30 53.60 72.27 137.90
21 33.35 5.06 4.44 17.13 182.70 52.69 68.17 146.60
20 41.13 4.39 5.99 30.51 439.00 63.33 75.66 213.00
19 49.57 3.23 6.87 31.14 380.00 78.55 69.48 225.60
18 55.64 3.17 5.82 27.27 373.70 87.70 79.01 235.50
17 38.77 5.42 3.16 15.87 159.80 64.49 84.65 153.10
16 48.57 4.12 4.74 21.89 256.20 79.90 81.07 189.10
15 44.90 3.55 4.18 20.12 244.00 73.48 81.75 175.10
14 28.75 5.78 3.40 9.90 71.02 54.47 71.56 86.53
13 54.99 5.93 8.57 26.36 318.60 89.23 76.69 232.10
12 39.61 5.63 4.83 15.18 143.10 70.80 79.12 145.20
11 63.30 4.64 6.13 27.72 356.90 102.20 86.67 225.30
10 55.06 2.66 3.56 21.96 243.50 89.09 89.75 188.10
9 59.60 6.07 7.57 28.20 314.90 95.72 89.48 251.30
8 51.56 6.64 5.90 20.00 175.30 87.62 90.33 197.00
7 58.20 6.00 6.64 24.98 238.50 103.30 97.58 237.30
6 62.50 4.78 7.38 26.00 247.30 109.60 95.56 251.70
5 66.11 5.93 8.55 33.94 361.10 107.40 91.74 276.50
4 58.01 6.38 8.32 32.85 322.80 104.00 83.92 284.10
3 62.84 5.76 9.36 36.16 411.80 104.90 80.11 262.50
2 51.25 5.10 6.42 20.97 179.80 96.07 83.09 207.60
1 37.14 17.89 4.73 13.80 120.60 69.17 116.10 155.20
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